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Preface

Prostate cancer is the most frequently diagnosed non-cutaneous malignancy in men
and the second leading cause of male cancer-related mortality in the USA. The last
decade has seen unprecedented progress in the detection, prognosis, treatment, and
prevention of prostate cancer. These advances have been driven largely by an increased
understanding of the underlying biochemistry, molecular biology, and genetics of the
disease. New cell and animal models have been developed that recapitulate the natu-
ral progression of prostate cancer. New technologies have allowed scientists to view
in detail the genomic, proteomic, metabolomics, and other—omic universe of cancer
cells and tissues. This has resulted in a greater understanding of the pathophysiology
of the disease. The purpose of this book will be to provide an up-to-date review of the
biochemistry, molecular biology, and genetic changes in prostate cells that are the
driving forces in the initiation and progression of cancer. It will include an overview
by experts in the field of cell—cell interactions, including stem cells, reactive stromal
cells, and membrane lipid rafts that are instrumental in the initiation and progression
of prostate cancer. The following subjects will be reviewed:

e The role of Ets fusion gene mutations in the initiation of prostate cancer and the
involvement of PTEN mutations in the progression of prostate cancer will be
discussed.

e Cellular signaling mechanisms, including that of Vav3, TGF-beta, MAPK,
NF-kappa-B, DAB2IP, and prostatic acid phosphatase, which are critical for the
maintenance of prostate cancer cells, will be outlined.

e The role of hormone and vitamin receptors in the initiation and progression of
prostate cancer, including androgen, estrogen, vitamin D, will be highlighted.

e The effect of androgen deprivation on key signaling molecules such as histone
deacetylase and tyrosine kinases will be defined.

e Important cell cycle regulators such as Cyclin D will be reviewed.

e The regulation of apoptosis and autophagy in prostate cancer cells will be
discussed.



vi Preface

Together, these reviews should give the reader a comprehensive conceptual
framework of the cellular mechanism that are critical for the initiation and progres-
sion of prostate cancer. This book will distinguish itself from other books on pros-
tate cancer, which are largely clinically oriented. Thus basic and clinical scientists,
as well as students and fellows, should find this information pertinent to their fields
of interests.

Rochester, MN, USA Donald J. Tindall
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Part I
Cell Biology



Chapter 1
Stem Cells in the Normal
and Malignant Prostate

Norman J. Maitland

Abstract Tissues and organs like the prostate are derived from multipotent stem
cells, which themselves are the products of differentiation from an original pluripo-
tent embryonic stem cell population. Stem cells that persist into the mature prostate
gland are termed tissue stem cells and are required for replenishment of the epithe-
lial and stromal populations after damage, for example, by inflammation or gland
involution after castration. While there remains some controversy over the pheno-
type of these cells, their ability to regenerate tissues and their inherent resistance to
mutagenic and cytotoxic insults confer a unique biology on tissue stem cells. When
one considers the origins of prostate cancer, the extended life span of tissue stem
cells, and their ability to accumulate over time the necessary founder mutations,
would imply that this primitive SC population is the cell of origin for prostate can-
cer. In the cancers, cells with similar primitive phenotypes are rare, but can be iden-
tified in varying proportions, depending on the markers used for isolation and the
purification techniques. The tumor-initiating capacity of these cancer stem cells is
many orders of magnitude higher than the majority cell population in tumors, and
they display treatment resistance characteristics, which are sometimes shared with
the normal tissue stem cells. The cancer stem cells in prostate cancers may therefore
represent a viable target for therapeutic intervention, but there remain real chal-
lenges in the design and execution of these stem cell treatments.

N.J. Maitland, B.Sc., Ph.D. (b))

YCR Cancer Research Unit, Department of Biology, University of York,
Heslington, York, North Yorkshire YO60 7SD, United Kingdom

e-mail: n.j.maitland @york.ac.uk

DJ. Tindall (ed.), Prostate Cancer: Biochemistry, Molecular Biology and Genetics, 3
Protein Reviews 16, DOI 10.1007/978-1-4614-6828-8_1, © Mayo Clinic 2013
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Definitions

Acute myeloid leukemia (AML) A rare cancer with the phenotype of an increase
in the number of (myeloid) white blood cells in the bone marrow

Aldehyde dehydrogenase (ALDH) A member of the aldehyde dehydrogenase enzyme
family, whose elevated expression levels can be used to enrich for stem-like cells

Androgen receptor (AR) Protein receptor for the male sex hormone androgen.
Present at highest levels in the luminally differentiated cells in prostate

Basement membrane A complex proteinaceous boundary to each acinar unit of
the prostate: It forms part of an active stem cell niche and signals to both stromal
and epithelial components

Cancer cell type of origin (CCTO) The cell type within prostate from which a
tumor develops

Castration-resistant Nkx3.1-expressing cells (CARN cells) A rare luminal stem
cell population, which has been identified in the mouse prostate. CARN cells can
give rise to both luminal and basal cells during prostate tissue regeneration
induced by androgen depletion

Fluorescent-activated cell sorter (FACS) Provides a method for sorting a disag-
gregated heterogeneous mixture of biological cells into two or more fractions,
based upon the specific light scattering and fluorescent characteristics of each
cell. It is particularly useful for the identification of rare cell populations

Gleason grading A morphological classification of the abnormal prostate gland,
first established by Donald Gleason (in 1966). The loss of acinar morphology is
broadly predictive of patient outcome

Hedgehog, wingless (wnt) and Notch Developmental signaling pathways origi-
nally defined in Drosophila melanogaster which also influence embryonic pros-
tate development and adult prostate differentiation

Hematopoietic stem cells (HSCs) Primitive cell type at the top of the hierarchy of
cell types which differentiate into multiple cells types in the bloodstream and
bone marrow (for example)

Induced pluripotent stem cells (iPS cells) Biologically engineered stem cells, gen-
erated by in vitro treatment of already differentiated cells (e.g., skin fibroblasts) by
a cocktail of (normally) four genes, which can differentiate into multiple cell types

Mesenchymal cells (also mesenchymal stem cells, MSCs) Cells with a broadly
stromal elongated morphology, which include an androgen-receptor expressing
population capable of changing the behavior of the epithelial cells by signaling
through the basement membrane

Orthotopic xenografts Implantation into the tissue of origin (in this case, the
murine prostate)

Prostate cancer stem cells (CSCs) A generic term for the epithelial tumor-initiating
cell in prostate cancer, as like a normal tissue stem cell, CSCs can differentiate
into multiple cell types. Also known as tumor-initiating cells (TICs)

Prostate involution ~ Shrinkage of the prostate gland as a consequence of castration,
which is accompanied by the loss of structural acinar features
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Prostate stem cells  An epithelial cell, which can reconstitute all of the cells of the epithelial
component of a prostatic acinus. Its basal/luminal phenotype remains controversial

Prostatic acinus (acinar morphology) The base subunit of the prostate gland, which
consists of an epithelial bilayer, surrounded by an intact basement membrane and
bounded by complex fibroblastic (stromal) cells. Progressively disrupted through
increasing Gleason grades of cancer

Stem cell quiescence A common feature of most reserve and stem cells in tissues,
quiescence implies a lack of replicative activity, in the absence of complete cel-
lular degenerative shut down. It can be considered as an inactive slowly metabo-
lizing cell that is primed to respond to various stimuli, including injury

Subcutaneous xenografts Describes the implantation site under the skin of the
mouse host

Tumor-initiating cells (TICs) See CSCs

Urogenital sinus mesenchyme (UGM) A powerful inductive androgen responsive
mesenchymal component that defines the earliest stages of prostate gland (and
acinar) development in embryos

Xenografts Implantation of (in this case) human tissues into an immune-
compromised mouse host

Stem Cells in Prostate Development

The human prostate is an exocrine gland with a complex anatomical structure that
originates from endodermal epithelial and mesodermal stromal (mesenchymal)
cells [1]. When considering the stem cells in normal and malignant prostate, it is
important to take into account the development of the prostate and the signaling
which results in its particular acinar morphology (see Fig. 1.1).

During early embryonic development of all vertebrates, there is a period of
sexual indifference, in which the gonads of both males and females are morpho-
logically undifferentiated. The male genital tract develops from the Wolffian ducts
and the urogenital sinus (UGS) [2]. Solid epithelial buds first form as epithelial
outgrowths of the UGS [3], which invade the surrounding mesenchyme. When the
elongating UGS epithelial buds contact the prostate mesenchyme, there is co-
ordinated differentiation of both the epithelial and mesenchymal components [4]
followed by elongation and branching of the developing ducts to form a complex
secretory network. The epithelial component is marked by fluctuating patterns of
cytokeratin (CK) and androgen receptor (AR) gene expression, culminating in
discrete basal and luminal cell compartments, whereas the mesenchymal cells dif-
ferentiate into periductal smooth muscle and fibroblasts [5]. It is assumed,
although not yet proven, that a separate stem cell component exists within the
epithelial and mesenchymal compartments, from which the proliferating and
interacting elements are derived.

The interdependence of the two inducing cell types was first shown (in rodent
prostate) by Cunha [6] who demonstrated that UGS mesenchyme (UGM), seminal
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1. SHH induced in primitive (AR-)
epithelium after induction by AR in
UGM initiates budding

2. HoxA13/D13 from stoma promotes.

epithelial SHH which induces NKX3.1-

induced

e

induced by stromal FGF7/ receptor FGFR2) also acting via
SHH with feedback control via SHH on FGF10, and TGFbeta from stoma
Stromal BMP4,7 and Notch define branching

W

Epithelial AR required to define fl lis, but Is required for production
of prostate-secreted products, which define glandular phenotype
£ 7 n quire epithelial p
5._Stem cell stin both and mesanchymal

Human Prostate | | Rodent Prostate

=

In castrated human prostate, luminal cells largely disappear,
leaving an intact primitive layer consisting of largely basal cells
(including AR- stem cells)

The luminal population and barrier function can be restored
after re-establishment of testosterone levels

The effects on stromal cells are less well defined

In mouse p. e, the residual cells after

consist not only of basal epithelial stem cells, but also of
ARY™ [CARN cells

The latter I are ible for

acinar regeneration

Fig. 1.1 Stem cell localization in development of normal prostate and after castration-induced
prostate gland involution. In both embryonic and adult prostate glands, stem cells in the epithelial
and stromal compartments are shown in green, basal cells in blue, and luminal cells in pink, with
AR-expressing nuclei in red. Hormone-responsive stromal cells are also shown in pink. The influ-
ences of growth factors and hormones on epithelial proliferation and differentiation into mature
glands are illustrated in the upper part of the figure. The key inducing effect of androgens via the
stromal cells is indicated. In the lower part of the figure, the effects of androgen withdrawal in
castration separate into human and rodent prostate, to distinguish the distinctive anatomy of the
prostate from these sources
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vesicle mesenchyme (SVM), UGS epithelium (UGE), and seminal vesicle epithe-
lium (SVE) were not able to develop normally if grown alone, even in the presence
of adult physiological levels of androgen. However, when the UGS compartments
or the seminal vesicle compartments were cocultured, normal development of the
prostate and the seminal vesicles were observed [7]. In this case it is of interest to
speculate upon the definition of a stem cell in these four populations. For example,
is there a common epithelial stem/progenitor for both UGE and SVE? Does this
persist into adulthood, or are the cell types irrevocably defined? These stromally
determined growth and differentiation/branching processes are actually continuous,
and extend from late fetal life into early adulthood [2, 3], but are most pronounced
during the first half of gestation [8].

Regulation of Prostate Development

While the onset of prostate development is mainly determined by the presence of
androgens [9], constant exposure to the hormone is not required to initiate epithelial
differentiation. For example, when UGM explants from male mice were grown in
the absence of androgen, budded structures developed only when the UGM explants
were obtained after the mice started to produce testosterone. Prior to and during bud
formation, AR is initially only detected in the mesenchyme of the urogenital sinus,
but is undetectable in the developing buds [1]. This was interpreted as indicating
that androgens trigger an irreversible commitment, which continues in the absence
of this hormone [9]. Interestingly, AR must be expressed in the UGS mesenchyme
but not in the UGS epithelia, in order to promote prostatic morphogenesis, as shown
by grafting of AR-deficient murine UGS epithelium in combination with (1) wild-
type murine UGS mesenchyme, which resulted in androgen-dependent ductal mor-
phogenesis or (2) AR-deficient murine UGS mesenchyme, which produced
vaginal-like differentiation [10, 11].

Despite this major role of androgens in prostate biology, other hormones can
regulate prostate development, some of which are detailed in Fig. 1.1. During early
development, estrogen exposure modifies prostate development by altering the
expression of homeobox genes such as NKX3.1 and HOX13 [12, 13]. Retinoic acid
(RA) also plays an important role in prostate development mainly through the reti-
noic acid receptors (RARSs), in the control of proliferation and differentiation in
prostate epithelium [14, 15]. Mice that lack RAR gamma develop prostatic squa-
mous metaplasia, which renders them completely sterile [16].

Hitherto unidentified molecules transmit the differentiation and proliferation-
inducing AR responses from the responding mesenchymal cells to the epithelium.
It is likely that these consist of positively and negatively acting independent regula-
tors of differentiation, proliferation, and morphogenesis itself. Although still con-
troversial, sonic hedgehog (Shh) seems to play a significant role in the regulation of
branching morphogenesis [17, 18], for example, by upregulation of the transcription
factor NKX3.1 [19-22] and the mesenchymal homeobox genes Hoxal0 and Hoxd13
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to enhance prostatic duct formation [23, 24]. Mice with mutations or knockouts in
these homeobox genes exhibit reduced size or are missing of parts of the prostate
and display decreased branching morphogenesis [23-25].

Shh expression is maintained by the interaction of fibroblast growth factors FGF7
and FGF10, which bind to the epithelial FGF receptor 2 [26-29]. This process is
regulated by a negative-feedback loop, as SHH is able to downregulate FGF expres-
sion [30]. Furthermore, both Activin A and Follistatin have been implicated in pros-
tate morphogenesis [31] as well as the polysaccharide component Hyaluronan and
its receptor CD44, since anti-CD44 antibodies were able to impair prostatic devel-
opment [32, 33]. p63 is a key transcription factor that controls the differentiation of
epithelial cells in the prostate and subsequently the smooth muscle cells, which
form around the epithelium before lumen formation occurs [34, 35]. Mice lacking
p63 are unable to form epithelial tissues, and Signoretti et al. [36] showed that p63
expression is essential for prostate formation, although earlier studies [34] in tissue
reconstructions with p63 knockout cells had suggested that this potent regulator of
epithelial progenitors was not required to generate a vestigial prostate gland.

Notch signaling can also stimulate branching morphogenesis [37, 38], but its
activity is inhibited by bone morphogenetic proteins BMP4 and BMP7, which are
secreted by the mesenchyme [39, 40]. TGF inhibits prostatic growth and decreases
ductal tip number, leading to changes in the branching pattern [41, 42]. Keratinocyte
growth factor has been proposed as a mediator of androgen response in rodents [43],
but in the prostate, AR activity is neither essential nor sufficient for the regulation
of epithelial differentiation during gland development.

Adult Stem Cells in the Normal Prostate

Human and Murine Prostates Display Different Cellular Content
and Anatomical Features

Most of our knowledge of prostate development comes from studies in mouse pros-
tate [44], but it should be remembered that mouse prostate displays distinct morpho-
logical differences from the human prostate. For example, the human prostate has a
discrete glandular morphology, consisting of acini surrounded by a double layer of
basal and luminal epithelial cells, whereas the murine prostate consists of four
separate lobes, composed of acini bounded by a single epithelial layer [44, 45].
These differences are depicted in the lower part of Fig. 1.1.

Adult and Embryonic Stem Cells

Even in the developing embryonic mouse prostate, there is considerable evidence
that the epithelial stem cells have not become restricted to a prostate epithelial cell
lineage (see above). Adult tissue SCs have more limited differentiation potential
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than embryonic SC [46], unless manipulated by induced pluripotent stem cell (iPS
cell) techniques [47] and are committed to differentiate along more restricted lin-
eages. Adult SCs, which generally are small, highly refractile cells with a high
nuclear to cytoplasmic ratio, are present in most if not all mammalian tissues and
are essential for not only tissue homeostasis but also repair and regeneration.
Notably, many adult hematopoietic and solid tissue stem cells are quiescent [48—51],
but are induced to proliferate after tissue insults, where the signal to break quies-
cence is transmitted via changes to their daughter transit-amplifying (TA) and com-
mitted basal (CB) cells. All quiescent tissue stem cells possess a high regenerative
potential, giving rise to rapidly proliferating TA cells which ultimately commit to
differentiation [52] into a terminally differentiated luminal cell in prostate.

Epithelial Stem Cells in the Normal Murine Prostate

If we define adult stem cells as a reservoir for tissue regeneration, which can divide
asymmetrically to generate actively dividing daughter cells (transit-amplifying
cells), the processes required for prostate development under UGM stimulus are
apparent. In the adult prostate however, the stromal component may provide a
restrictive rather than an inductive stimulus (Fig. 1.1).

The majority of epithelial cells in the adult rodent prostate depend on androgens
for survival [53]. As a consequence of castration (in male rats), the prostate under-
goes rapid involution and up to 90 % of the total epithelial cells are lost [S3]. Whilst
the remaining epithelial cells do not require androgen for survival, some of these
androgen-independent cells are sensitive to androgen, as subsequent administration
of exogenous androgen results in induction of proliferation and regeneration of the
prostate to its original size and function [54, 55]. Cyclical induction of prostate
involution and regeneration can induce >60 population doublings in the rat ventral
prostate [56]. As this cycle of involution—castration can be repeated many times, a
population of long-lived, androgen-independent stem cells responsible for the
regeneration of the gland must therefore exist [56]. Isaacs and Coffey [57] proposed
a tissue stem cell model for prostate epithelia, whereby androgen-independent stem
cells give rise to a population of androgen-responsive (but independent) transit-
amplifying cells. These cells should be responsive to androgens, which results in an
amplification of androgen-dependent, secretory luminal cells. Even long-term cas-
trated adult male rats (>3 years) can fully regenerate a functional prostate after
androgen replacement [57].

However, this model for the prostate epithelium has not been universally
accepted. For example, there is evidence that basal and luminal secretory cells can
be self-replicating cell types in the prostate gland of the rat, after involution induced
by castration [58, 59]. Here, in the presence of castrate levels of androgen, a popula-
tion of cuboidal glandular cells persisted, in addition to the basal cells previously
observed. When androgen levels were restored, both populations expanded simulta-
neously, but luminal cells proliferated at a higher rate compared to the basal popula-
tion, implying that basal and luminal cells were both responsible for regeneration.
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Ki67 antigen, which is expressed in late G1, S, G2, and M phases of the cell cycle
[60], is expressed at least 100-fold more frequently within the basal cell compart-
ment of the normal prostate [61]. However, under complete androgen blockade,
luminal cells can also express Ki67 [62], a further indication that basal and luminal
cell populations comprise independent and separate lineages. The point at issue is
whether castration is the best method to identify tissue stem cells. If we take the
immune system as an example, there are primitive repopulating cells, which can
rapidly respond, and an underlying quiescent stem population, which serves as a
long-term store of tissue regenerating cells [63]. Therefore, data from castration
experiments in rodents do not preclude the production of luminal cells from basal
cells, as the glandular cells, which persist post-castration are most likely to be the
androgen-independent amplifying cells hypothesized in the stem cell model of
Isaacs and Coffey [57].

The rodent remains the best animal model in which to trace epithelial cell
lineages in prostate, and here the location and identity of “the” stem cells remain
uncertain. Each prostatic duct consists of a proximal region attached to the urethra,
an intermediate region, and a distal tip [64]. The tips of the ducts contain most of
the proliferating cells and undergo growth-driven expansion when grafted subre-
nally in combination with embryonic urogenital sinus mesenchyme, implying that
the prostatic stem cells reside in the distal region [65]. The proximal region is
enriched in a subpopulation of slowly cycling epithelial cells, which possess a high
in vitro proliferative potential and can reconstitute highly branched glandular duc-
tal structures in collagen gels, i.e., implying that prostatic epithelial stem cells are
concentrated in the proximal region of the ducts and give rise to the proliferating
transit-amplifying cells, which can then migrate distally [66]. Both studies provide
evidence that a stem cell hierarchy exists in the prostate, as luminal and basal cell
components can be regenerated from proximal and distal tissue. More recently, cell
surface markers have been used to more precisely identify stem cells in the murine
prostate. Cell surface expression of Sca-1, or Ly6A/E: a glycosyl-phosphatidylino-
sitol (GPI)-linked protein expressed on hematopoietic stem cells, [67] can be used
to enrich for a prostate-regenerating cell population, which is concentrated in the
proximal region of the prostatic duct [68]. However, sporadic Sca-1 expression has
also been seen in the distal region of ducts, and therefore regenerating activity
could also be attributed to Sca-1- cells.

Do Normal Rodent Prostate Stem Cells Have a Luminal
or Basal Phenotype?

In support of a luminal stem cell phenotype, label-retaining cells in bromodeoxyuri-
dine pulse-chase experiments, a common feature of many tissue stem cells, were
present both in the luminal and basal epithelium and could regenerate prostate aci-
nar structures in collagen gels. Here, the quiescent, rarely dividing (and hence
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label-retaining) cells were present in both the luminal and basal epithelium [66].
The case for a more basal phenotype, equally consistent with the label-retaining
experiments, was made by Burger et al. [69] who exploited the Sca-1 marker to
identify potential stem cells in the proximal region of prostatic ducts, and further
defined the cell type as (CD45"CD31 Ter119-Sca-1*CD49f*) to isolate and charac-
terize cells with self-renewal, sphere-forming, and differentiation abilities [70]: all
characteristics of a potential tissue stem cell. Ultimately, Leong et al. [71] provided
elegant evidence that a single cell with a largely basal phenotype (Lin Sca-
1*CD133*CD44+*CD117*) was able to regenerate an intact prostate acinus in a renal
capsule graft model. This phenotype has been further enhanced by the addition of
CD166, the activated leukocyte cell adhesion molecule marker, which has been
used as an indicator of poor prognosis in a number of tumors [72]. Elevated alde-
hyde dehydrogenase type 1 (ALDHI) expression, as originally used to identify dif-
ferent populations of hematopoietic stem cells (HSCs) [73], has also been exploited
as a single marker to isolate similar prostate SCs [69] which also expressed Sca-1:
these cells had a high proliferative potential both in vivo and in vitro. However, the
levels of ALDH1 remained somewhat heterogeneous, and there is good evidence to
suggest that ALDH" cells mark the most primitive HSCs with the greatest develop-
mental potential, whilst experiments with breast epithelium further imply that ele-
vated ALDH1A3 (the most common isoform in breast and prostate) marks an early
commitment to luminal differentiation [74], i.e., more in keeping with a TA/CB cell.
More recently, gene expression profiling of enriched populations from both stromal
and epithelial components of the tissue recombination models has emphasized the
importance of established developmental signaling pathways such as Hedgehog,
wnt, TGFbeta, and retinoic acid signaling [75]. Based on high keratin 5 expression,
the putative (Sca-1) epithelial stem cells had a basal phenotype.

The Unanswered Questions Concerning Murine Prostate Stem
Cell Identity

The intriguing questions posed by these studies are (1) whether there are indeed
several tissue stem cells with different phenotypes in the mouse prostate, which
could correspond to the requirements of the different lobular structures, (2) whether
the several phenotypes reported by different investigators are linked by a common
lineage, and (3) whether regeneration after castration, upon restoration of andro-
genic stimulus, is similar to surgical/damage-driven regeneration and acinar neo-
genesis. With regard to the latter, the straightforward explanation for regenerative
capacity suggests that the tissue will regenerate from an AR-expressing cell, hence
CARN or luminal precursor cells [76]. However, evidence from studies on murine
prostate development also suggests that the androgen stimulus can be delivered via
a stromal component (see above). To reconcile these disparate data, it is possible
that the murine prostate contains a form of reserve stem cell of a more primitive and
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basal phenotype, in addition to the more differentiated (CARN) cell, which can act
as an “immediate early” responder to changes in physiological conditions, such as
those found by differential ALDH1 expression in HSC populations [63] and in the
murine colon [49]. Alternatively, classical anatomical studies of rat prostate (which
is similar in its lobular structure to mouse prostate) indicated that the response of the
epithelial and stromal cells in the ventral lobe to castration (apoptosis) was quite
distinct from that of the more resistant dorsal and ventral lobes, which were rela-
tively resistant [77]. Thus, the castration-resistant SC that promotes regeneration
may be located in a different lobe of the prostate, whilst all of the cells in the ventral
prostate may be AR* and castration sensitive.

Lineage Tracking Experiments in Experimental Models
of Murine Prostate Development

This lineage question is one which can be resolved by elegant marking experiments
such as those carried out in murine colon [78]. By employing differentiation-
regulated fluorescent markers to track cell lineages in mouse prostate, Choi et al.
[79] hypothesized that there should be two independent self-sustaining lineages in
the murine prostate: (1) a basal stem/progenitor lineage, with no or restricted capa-
bility to differentiate into luminal cells, and (2) a separate luminal progenitor, per-
haps distinct from the CARN cells, which was self-sustaining after castration. Most
recently, using a complementary tamoxifen-induced lineage tracking technique,
Ousset et al. [80] provided further evidence for more basal tissue stem cells, rein-
forcing the regeneration role of the CARN cells as a product of a basal reserve
population (as discussed earlier).

Thus, even in a model organism like the mouse, in which cell fate can be traced
with some certainty, the existence of a single or multiple repopulating stem cells
still remains controversial.

Epithelial Stem Cells in the Normal Human Prostate

Despite the obvious anatomical and histopathological differences between the
rodent and human prostate discussed earlier, and the inherent difficulties in the per-
formance of elegant lineage tracking, there is a consistent and increasing body of
evidence that human prostate tissue stem cells reside principally in the basal layer.
By exploiting the heterogeneous patterns of integrin immunostaining in normal
human prostate, small numbers of integrin o, "-expressing cells can be seen to be
randomly distributed throughout acinar and ductal regions [81]. Such cells have the
useful property of rapid adherence to type I collagen, which permits their isolation
based on their integrin phenotype. Expression of CD133 (as defined by the AC133
antibody), another putative stem cell antigen found in the most primitive HSCs [82],
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can be used to further enrich for a primitive cell in prostate epithelia [83] where
expression is restricted to the integrin o, " population. It is important to note that
CD133 expression (as mRNA and protein) is more widely distributed than just SCs,
and that the AC133 epitope is a glycosylation modification to the peptide backbone.
Cells expressing CD133 are localized to the basal layer of the prostate, often at the
base of a budding region or branching point. These cells are neither dependent upon
nor responsive to androgens and do not express the androgen receptor [83]. A simi-
lar conclusion was reached by Huss et al. [84], who xenografted benign human
prostate glands into immunocompromised mice and detected only p63* basal cells
after extended periods of castration. These purely basal gene expression patterns
were further confirmed by array-based gene expression analysis [85]. In contrast,
luminal cells from normal human prostate tissues are unable to either persist in
culture or initiate new prostate gland development. Prostate basal cells were also
shown to have enhanced sphere-forming ability and can regenerate prostatic tissue
in vivo [86], while the same basal Trop2*CD44+*CD49f" phenotype could also be
induced to regenerate tubular structures containing discrete basal and luminal lay-
ers, which could be serially passaged in vivo [87]. More recently, in situ lineage
tracking, which takes advantage of mitochondrial mutations accumulated in stem
cells, and retained in their progeny, demonstrated that a single stem cell could
regenerate an entire acinus and revealed a common clonal origin for basal, luminal,
and neuroendocrine cells [88]. Lentiviral marking experiments, in which CD133*
basal cells were transduced with a luminally regulated fluorescent protein gene,
were also able to form vestigial prostates in vitro, and only upon differentiation (as
defined by prostatic acid phosphatase expression) was the luminal fluorescent pro-
tein expressed [89].

Cancer Stem Cells in Prostate

The Origins of the Cancer Stem Cell Hypothesis

Cancer is now recognized as being very different from the original concept of a homo-
geneous mass of rapidly dividing cells: indeed most if not all tumors are heteroge-
neous with respect to (1) their potential for self-renewal, (2) the ability to reconstitute
tumors upon transplantation [90-92], and (3) rapid proliferation (content of dividing
and dying cells). These transplantation experiments produced a hypothesis, which
proposed that cancers arise from a rare population of cancer stem cells. To confirm
this hierarchical CSC model for the initiation of cancer, it was necessary to purify
distinct populations of cells (normally based on cell surface phenotypes) within
tumors and to determine their tumor-initiating properties. This was first reported in
studies of acute myeloid leukemia (AML) [93] where it was shown that the CD34*
cell fraction from a number of human patients contained leukemia-initiating cells.
Thus, AML is organized as a hierarchy, in which only a rare subset of cancer cells
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Table 1.1 Cancer stem cell characteristics

Stem cell Cancer

CSC property Invitro Invivo characteristics  characteristics

Can reconstitute the original tumorin ~ x v v v
an immuno-competent murine host

Shows relative resistance to chemo- v v v v
and radiotherapies

Is responsible for tissue/tumor 4 v 4 4
regeneration after injury

Can divide for the lifetime of the X v v v
tumor/host organism

Divides asymmetrically 4 v 4 X

Constitutes a small fraction of the v 4 v v
tissue/tumor cell content

Are either quiescent of slowly 4 4 v X
proliferating

Can differentiate to produce a lineage x v v X
of other differentiated cell types

Can maintain its population indepen- 4 v 4 4
dently of input from other cell
populations

Matrix invasion: metastasis v v X v

possess the ability to initiate new tumor growth and can recapitulate the original tumor
heterogeneity. Similar results have been obtained with subpopulations of tumor cells
from breast [94], brain [95, 96], pancreas [97], liver [98], colon [99], lung [100], and
endometrium [101], as well as the prostate [102], where cells with CSC characteris-
tics (Table 1.1) have been identified. One potential confounding factor for the hypoth-
esis was that the markers used to identify the CSCs were identical to those that could
be used to identify normal tissue stem/progenitor cells. This could be interpreted
either (1) that there was a contamination of normal stem cells within a tumor (since no
cellular purification, even by sequential immunomagnetic or FACS selection, is more
than 98 % effective) or (2) that CSCs and their normal counterparts share many phe-
notypic markers, implying a stem cell origin for the cancer stem cells (see below).
Thus, the first goal in cancer stem cell studies in prostate was to identify the cancer
cell type of origin (CCTO). There remains an important question regarding the pheno-
type of the CCTO: does hormone-responsive prostate cancer, which is predominantly
luminal, develop from a luminal cell in the normal prostate, or do the initiating (muta-
tional) events occur in a basal cell, which can differentiate, perhaps aberrantly to pro-
duce a replicating luminal tumor? To some extent therefore, the study of tumor
initiation becomes an analysis of normal and aberrant prostate epithelial differentia-
tion, as defined by a series of putative cell-type specific markers.

Whilst some conclusions can be made from analysis of fresh human tumors (see
below), there is a greater precedent for the study of tumor initiation and cell lineages in
murine models of cancer, for example, in colon cancer [103]. In this respect, a number
of such models have been exploited in attempts to define the CCTO in prostate cancer.
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Defining a CCTO in the Mouse Prostate

Probably one of the best natural models of tumor initiation in mice is a conditional
PTEN deletion mouse model [104] where prostate-specific homozygous deletion of
PTEN by cre-recombinase is driven by the ARR2 probasin promoter. Further stud-
ies with this mouse found an expansion of p63* basal cells, which share expression
of the Scal and BCL-2 genes that are also found in stem/progenitor populations
[105]. Interestingly, the probasin promoter appeared to be active in both basal and
luminal cells, proportions of which both express the androgen receptor (normally
restricted to luminal cells in human tissues). The same rat probasin promoter has
been used for the development of TRAMP mice [106] or SV-40 T-antigen (TAg)
rats [107], and its androgen inducibility used as evidence that CaP arises primarily
from AR* luminal cells. In another PTEN knockout murine model of CaP, using a
similar androgen-regulated human PSA-promoter, Ma et al. [108] identified luminal
progenitor cells that are able to act as TICs. Moreover, Korsten et al. [109] showed
in the same model that the genetic alterations are first seen in a subset of luminal
cells, which express Trop2 and Sca-1, providing further evidence that the luminal
cells are the cell of origin.

In the probasin-driven PTEN-null mice, Liao et al. [110] had previously shown
that prostate CSCs enriched on the basis of a Lin-Sca-1*CD49f" phenotype had a
strong capacity to form tumor-like spheroids in vitro and grafts in vivo, and that
introduction of a series of genetic alterations (resulting in increased AKT, ERG, and
AR signaling) into Lin~Sca-1*CD49f" cells from the basal (p63*) fraction of normal
murine prostate produced luminal-like disease, characteristic of human CaP upon
transplantation into immunodeficient mice [111]. Importantly, subsequent studies
also revealed the influence of the stromal tumor microenvironment, since cancer-
associated fibroblasts supported and potentiated the stemness and growth properties
of the CSCs [112]. Other studies suggest that the disease is derived from intermedi-
ate progenitors that have acquired the ability to self-renew. For example, Xin et al.
[68] showed that introduction of constitutively active AKT—a surrogate for PTEN
loss—into Sca-1-enriched murine prostate epithelial cells (which were responsible
for regeneration of normal murine prostate and had evidence of both basal and lumi-
nal lineages) resulted in the initiation of prostate tumorigenesis.

In another transgenic model of prostate, Wang et al. [76] showed that murine
CARNSs (castration-resistant Nkx3.1-expressing cells) could also self-renew in vivo
and reconstitute vestigial prostate ducts in renal grafts using single-cell transplanta-
tion assays. Furthermore, upon deletion of the PTEN tumor suppressor gene in
CARNS, carcinomas were rapidly formed, together with androgen-mediated pros-
tate regeneration [76].

The development of precise genetic marking technology, using cells condition-
ally marked by fluorescent proteins under the control of differentiation/lineage-
specific promoter sequences, has introduced a new layer of complexity onto a
number of murine cancer models [113]. As originally exploited in breast cancer,
this technology is designed to overcome concerns about the validity of
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transplantation experiments as a true model for TICs and the lack of cell-type speci-
ficity in both the Probasin and NKX3.1 promoters used to drive gene knockouts
[114, 115]. In prostate, Choi et al. [79] recently showed that the basal and luminal
cell lineages were separable in terms of initiating cells or stem cells, and further-
more that luminal cells were more sensitive to tumor initiation by PTEN knockout
than basal cells, which could only result in cancer after differentiation into a luminal
cell (and with a longer latency). While the ultimate TIC (if it exists) in mouse sys-
tems was not identified by these elegant studies, we are left with the major conclu-
sion that the deregulation of the exquisite control of cell numbers and differentiation
required in a normal prostate is a critical part of tumor initiation, perhaps more than,
or as a precursor to induction of proliferation.

Can We Extrapolate Murine CCTO Studies to Human Prostate?

Although murine models mimic the development of and progression of the human
disease, they do not necessarily represent a valid model for the identification of the
CCTO in human CaP. It has been assumed that prostate cancer arises from the termi-
nally differentiated luminal cells, because the bulk population of tumor cells in the
most common form of prostate cancer expresses luminal cell-specific markers (cyto-
keratins 8, 18 AR, PSA, and PAP), but lacks expression of basal cell markers, such
as Ck5, 14, and p63. Some time ago, in early fractionation studies, Liu and cowork-
ers [116] observed that most primary tumors consist of (CD57*) luminal cells,
whereas the majority of metastases are enriched for cells with a more basal pheno-
type (CD44%) and that the luminal phenotype was regenerated by coculture with
prostate fibroblasts. Conversion from CD57* to CD44* was rarely if ever observed.
In human cells and tissues, there is also a strong body of evidence supporting the
basal cell origin of prostate cancer. Using the same antigenic markers that identified
normal basal SCs, putative basal CSCs have been isolated in our laboratory from
human CaP biopsies with a CD44* integrin D_p "s"CD133* phenotype [102]. Only
this primitive cell population was able to self-renew in vitro. Moreover, under dif-
ferentiating conditions, AR*PAP*CK18* luminal cells could be identified in these
cultures, suggesting that they were derived from the more primitive population.

CCTO Cells in Human Prostate Cancer

Unlike the murine studies, precise lineage tracking for human normal cells and their
transformation into cancer are currently impossible to carry out. However, for many
years, overexpression of the SV-40 TAg (which results in suppression of the tumor
suppressor genes p53 and RB [117], and the protein phosphatase 2A (PP2A) gene
[118]; causing loss of cell cycle control, genomic instability, and enhanced prolifera-
tion) has been used to extend the lifespan of human prostate epithelial cells. These
effects are sufficient to immortalize benign human prostate cells in vitro [119, 120].
The targets for the SV40 TAg are invariably transit-amplifying cells of primary
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prostate epithelium, which proliferate strongly in culture, but for a limited time only.
This proliferation and the immortalization achieved by TAg are independent of AR
expression. In these early experiments, no effects were seen when enriched luminal
cells from normal and benign primary prostates (which survive for short periods in
cell culture and can be transfected with indicator genes) were transfected with Tag
constructs. These luminal cells are almost exclusively quiescent/senescent and repre-
sent a terminally differentiated cell population, which fails to respond to androgens,
except for the expression of luminally defined genes such as PSA.

In human cells, the correct microenvironmental conditions, i.e., addition of “acti-
vated” cancer-associated fibroblasts, were required to induce tumors in mice after
extended passage of BPHI1 cells (which retain expression of the immortalizing
SV40 Tag) in vitro [121]. This is the human equivalent of the TRAMP model and
argues strongly for the vital role of cellular interactions in prostate carcinogenesis
and differentiation [122].

Again, similar to murine studies, CD49{"Trop2" cells from the basal fraction
(but not the luminal fraction) of human primary prostate tissue, transfected with
expression vectors to increase AKT, ERG, and AR signaling, recapitulated the his-
tological and molecular features of human CaP upon transplantation into immune-
deficient mice [123]. Similar reactivity was seen with cells selected on the basis of
elevated expression of the CD166 IgG family cell adhesion molecule [72].

Identification of Cancer/Tumor-Initiating Cells

We have attempted to distinguish two frequently confused terms. In the previous
section, the term CCTO was used to describe the cell type in which the changes
leading to a prostate cancer first arise. Given the age profile of most prostate cancer
patients, the emergence of a cell capable of existence as a free-standing cancer
might be expected to take up to 20 years to generate. Some doubt remains about the
time of origin of human prostate cancers. For example, whilst the first diagnostic
signs of prostate cancers based on elevated plasma PSA are seen in late 30s to early
40s in men [124], the progression to achieve this marker level: accumulation of
mutations and increased angiogenesis producing higher plasma levels of PSA, must
be considerably longer. Colon cancer neogenesis has been mathematically related to
increase in tissue volume during adolescence [125], and cervical carcinomas arise
in the adolescent unstable epithelial boundary within the cervix—the transition
zone—although probably as a result of a viral infection of the susceptible epithe-
lium [126]. The initiating events in human prostate cancer most likely occur at the
time of most rapid tissue expansion in the prostate, i.e., during the massive androgen-
driven tissue generation at puberty [127]. Such tissue expansion is precisely the
time when mutations can arise and be propagated, as it is likely that the stem cell
pool is also expanded at this time. If such mutations are random, then only those
with a selective advantage will be maintained in an actively replicating cell.
However, the stem cell compartment is quite distinctive: in adult life, tissue stem
cells replicate more rarely and probably in response to tissue damage.
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There have been many proposed initiators for human prostate cancer such as
environmental chemicals, viral infections, etc. (review in Key [128]), but perhaps
the most convincing evidence has been provided with respect to persistent infec-
tions in prostate, resulting in cycles of inflammatory response/epithelial tissue
damage [129]. We have recently reviewed the evidence for this in a stem cell
context [130]. Despite residual uncertainty over the nature of the stem cell in
normal prostate, there is good evidence to suggest that the CCTO resides in the
stem cell compartment, either as the tissue stem cell itself, or as the immediate
progeny of the SC: the transit-amplifying cell.

In this regard, one of the most significant gene ontology terms in the phenotype
of prostate CSCs (see below), relative to benign equivalents, is “response to
inflammation” [85]. We have hypothesized that, after repeated rounds of inflam-
matory stimulation, an “addiction” develops to proinflammatory cytokines such
as IL6, the receptors for which are expressed in the normal tissue stem cells,
resulting in the establishment of an autocrine loop, in which the CSCs now express
elevated levels of the cytokine. One outcome of this is elevated NFkB signaling
[85, 131, 132], which has been linked to more malignant behavior in prostate
cancers in general [133].

Cancer-Initiating Cells from Human Prostate Cancer Tissues

It is likely that prostate CSCs will share many properties and phenotypic markers
with normal tissue SCs, independent of origin, given the evidence from other
tissue systems, e.g., leukemias [93], and solid tumors such as breast [94]. On
this basis, we and others set out to fractionate biopsied primary human tissues
from prostate cancer patients in order to enrich for the tumor-initiating cells
(TICs) within a tumor mass. For a heterogeneous tumor such as prostate, where
there are major contaminants of both stromal cells and normal epithelium in
biopsies, such “purifications” are likely to represent an enrichment at best,
although the use of metastatic tumor material, selected for prostate markers,
provides a better source of homogeneous tumor. With this strategy, using expres-
sion of the markers CD44 (to enrich basal cell populations), rapid adhesion to
collagen I matrices (to enrich for cells expressing high levels of a f, integrin),
and the particular form of the glycosylated “stem cell” marker CD133 (recog-
nized by the AC133 monoclonal antibody), we were able to enrich a population
of “CDCs” [102]. These cells had properties (see Table 1.1) strongly suggesting
that they were the elusive CSCs, which constituted approximately 1 in 1,000 of
the tumor mass. Similar cells were subsequently isolated with the same proper-
ties, both by FACS sorting for antigen expression [131] and by a modified
Hoechst 33342 dye effluxing assay [134].
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Table 1.2 Selection markers for human prostate cancer stem cells

Cell line/xenograft CSC selection phenotype References
PC3 Fam65Bie/Mf12°%/LEF 1'% [201]
PC3-MM2 CD133/CD44%/CD166* [162]
PC3 CD133*/CD44* [202]
PC3M Prodluc ALDH/integrin av [142, 203]
DU145 CD133*/a2p1 integrin*/CD44* [204]
LNCaP CD44+*/CD24~ [143]
hTERT-immortalized RC165N CD133*/CXCR4 [205]
and RC-92a
CWR22 TRA-1-60*/CD151/CD166 [131]
LAPC-9 Hoechst 33342 effluxing side population [187]
BM18 ALDHI1A1, NANOG [206]
Multiple CD44+ [144]
DU145, LAPC4, LAPC9 Integrin a2 1High/CD44* [207]
22RV1 CD117*/ABCG2* [208]
22RV1 ALDH1/ [161]

Note: Experiments with human xenografts in immunocompromised mice are shown in italics
Cancer-Initiating Cells in Human Prostate Cancer Cell Lines

Given the difficulties in isolation of pure cell populations from prostate tissues, it is
not surprising that many investigators have exploited a variety of prostate cancer
cell lines and xenografts to provide evidence for tumor-initiating cell populations,
which are phenotypically and behaviorally distinct from the previously assumed
homogeneous cell cultures in current use. Some of these experiments, and the vari-
ety of phenotypes exploited, are listed in Table 1.2.

A remaining controversy surrounds the use of the CD133 marker as a selective
tool for CSCs from tissues and cell lines. While the AC133 epitope of CD133
(a glycosylation epitope) has successfully been used in a number of studies, e.g.,
DU145, RC-92a, and variants of PC3 in some laboratories (Table 1.2), others have
not been able to reproduce these data [135—137]. This variability could reflect either
known heterogeneity in strains of cell lines or perhaps more likely the variable and
rather low and microenvironment modulated expression levels of the AC133 epit-
ope (in contrast to the more universally expressed CD133 peptide backbone) as
discussed recently by Pellacani et al. [138].

Similarly, high expression of aldehyde dehydrogenase (ALDH™) has been used as
a marker for TICs in a number of cancers (by the Aldefluor assay), such as multiple
myeloma and breast carcinomas [139, 140], but also stem-like or perhaps progenitor
cells in CaP cell lines [141]. A subpopulation of human CaP PC-3 M cells, with high
ALDH activity (ALDH™ expressing the integrins o, */o,B /o, ,* and CD44"),
showed both enhanced clonogenicity and invasiveness in vitro and enhanced
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tumorigenicity and increased metastatic ability in vivo [142]. In the case of ALDH,
the precise gene that renders the CSCs reactive in the Aldefluor assay also remains
controversial. In an in vitro LNCaP model, CD44*CD24" basal prostate stem-like
cells formed colonies in soft agar and developed tumors in NOD/SCID mice when as
few as 100 cells were injected into immunodeficient mice [143]. In addition, a CD44*
population from xenograft tumors and cell lines had enhanced proliferative potential
and tumor-initiating ability in vivo compared to CD44- cells [144].

Rajasekhar et al. [131] have shown that a small population of TRA-1-60* CD151*
CD166* cells, isolated from established human prostate xenograft tumors, exhibit
stem-like cell characteristics and recapitulate the cellular hierarchy of the original
tumor in serial xeno-transplantation experiments. Moreover, the TRA-1-60* CD151*
CD166* cells expressed basal cell markers and showed increased NF-kB signaling.
Significantly, the cells did not express the AR; this result agrees with our own data
showing a lack of AR expression in basal prostate SCs [102, 145]. In addition, we
had previously shown that NF-kB expression is increased in CD44%q,f ""CD133*
cells isolated from human CaP tumors [85] and that NF-kB inhibitors, such as par-
thenolide, abolished colony-forming activity: a key property of CSCs.

A basal SC-enriched prostate epithelial side population (SP) has also been iso-
lated from human prostate tissues, utilizing a modified Hoechst 33342 dye efflux
assay [134]. 3D culture of the SP cells led to the production of spheroids, which had
acinus-like morphology and expressed basal cell markers, i.e. they displayed a dif-
ferentiation hierarchy.

Tumor-Initiating Cells in Primary Human Prostate Cancers:
Biological Properties

1. Tumor initiation in vivo: the “gold standard” for identification of cancer stem
cells is the ability to successfully initiate a xenograft tumor, which displays phe-
notypic characteristics similar to those observed in the original human cancer in
immune-compromised mice [146]. However, this assay remains controversial, as
shown by experiments with human melanomas, where multiple cell types were
capable of initiating tumor growth [147]. However, a more precise definition of
phenotype can overcome some of the difficulties with this assay [148].
Additionally, the strain of immune-compromised mouse also seems to influence
the “take-rate” of such xenografts. For example, in our own studies, tumor initia-
tion with primary tissue grafts initiated from human prostate tumor biopsies in a
Natural Killer—B and T cell” host (the rag2” gamma C~”~ mouse) was tenfold
better than the take rate in the original and commonly used nude (nu/nu) athymic
mouse. As discussed previously, in prostate tumors, the phenotype is influenced
by the presence of an activated stromal component, but this is rarely apparent in
such murine models, where a rapid invasion of mouse stromal cells is invariably
observed. More recently, a further complication to these models has arisen, due
to the observed transfer of murine retroviruses from the mouse tissues into the
human tumor cells, conferring a growth advantage, which means that the infected
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cells compete out the original human tumor material. Since some of these xeno-
grafted tumors also actively produce the retroviruses, the potential for cellular
cross-contamination is significant, as shown by the isolation (and transmission)
of the XMRYV from 22RV 1 [149]. These retroviral effects seem to be restricted to
longer established tumors after considerable numbers of passage in murine hosts.

2. Cell colony initiation in vitro: however, the core property of the CSCs, vis-a-
vis the ability to initiate new tumor growth, from a small number of cells (in
contrast to the 10°~10° normally used in tumorigenicity studies), remains the
most fundamental property of a CSC. This ability is often equated with the abil-
ity to initiate single-cell colony growth in two or three dimensions in cell cul-
tures. This latter assay is often however misinterpreted on two grounds. Rapid
colony or spheroid (prostatospheres in 3D) formation [150] can be the result of
aggregation rather than asymmetric division and growth. Therefore, it is impor-
tant to consider cell cycle times when carrying out such experiments. First, a
32-cell colony (the product of five population doublings) is unlikely to form
within 2-3 days, and is more likely after 10—14 days. Second, both the SC and
their daughters can initiate colony formation in 2D, but only true stem cells are
able to initiate secondary colony growth: a more complex and time-consuming
study, which is frequently omitted. Recently, Chen et al. [151] cast further doubt
on the veracity of the prostatosphere assay for tumor-initiating cells from pri-
mary tissues.

3. Matrix invasion: if cancer stem cells are indeed the metastatic cell type then
they should also display an increased invasive capacity in assays such as the
modified Boyden chamber, compared to normal cells. In fact, Collins et al. [102]
showed that only CSCs from high Gleason grade prostate cancers were 2-3
times more invasive than the most invasive prostate cancer cell lines in this assay.

Tumor-Initiating Cells in Primary Human Prostate Cancers:
Gene Expression Patterns

The phenotype of tumor-initiating cells remains quite variable for both prostate cell
lines and tissues. Just why such a lack of consensus exists is unknown at present.
However there are a few possible explanations. Cells identified on the basis of a sin-
gle-cell surface marker are likely to still be heterogeneous, particularly from tissues,
but equally (and perhaps unexpectedly) from established cell lines. Thus, any overall
phenotypic analysis is likely to reflect either the majority population or that of the
most highly expressed genes. In prostate, the most highly expressed genes are those
induced by luminal differentiation [85, 152], whose expression is elevated by up to
105-fold compared to the same gene in primitive undifferentiated cells. Accordingly,
there have been relatively few reports of complete genomic profiling of gene expres-
sion in prostate, compared to leukemic stem cells for example. Such studies are vital
to determining actual phenotypes and in the identification of mechanisms for the
generation of the cancer stem cells, which may have left an imprint in the CSCs, but
perhaps more importantly for the development of truly CSC-specific therapies.



22 N.J. Maitland

For many determinations, the focus of attention has been in commonality of gene
expression between embryonic stem cells, e.g. genes associated with self-renewal,
and the prostate CSCs. Gene families such as wnt and hedgehog and individual ESC
genes such as Bmil have all been identified [153, 154]. Unbiased profiling of puri-
fied populations (see above) has been carried out on both primary cultures [85] and
tumor xenografts [131]. While upregulation of various individual genes was demon-
strated, a strong common theme from these studies was the activation of genes char-
acterized in the Gene Ontology as those that respond to inflammation. This correlates
well with proposals that persistent inflammation from prostatitis for example is
related to prostate cancer development [130, 155]. More recently, Pascal et al. [156]
fractionated a number of xenografts, tissues, and cell lines according to their
ABCG2/CD44 (“progenitor cell”) expression and compared total gene expression
patterns to those in embryonal/germ cell tumors and an embryonic stem cell line. In
these elegant comparisons, the problems associated with minor and major cell pop-
ulations and indeed heterogeneity were emphasized. A more restricted phenotyping
was reported in CD44* cells from DU145 and LAPC4 and nine xenografts by Liu
et al. who focused on small untranslated RNA expression [157]. Whilst there was
considerable heterogeneity in miRNA expression between subfractions of CD44*
cells (side population, CD133", and 021 integrin overexpression), subfractions of
these cells from cancers frequently downregulated microRNAs with a tumor-
suppressive nature such as miR34a and Let7b/a, which have a functional role in
tumorigenicity. It is now clear that even small variations in miRNA expression can
affect gene expression observed in different cell subpopulations during epithelial
cell differentiation in the stem cell compartment.

A number of similar whole genome expression analyses have been carried out on
subfractions of established in vitro cancer cultures such as DU145 [158-160],
22RV1 [161], and PC3 [162, 163] cells. In general, these studies have identified the
presence of a stem-like component within the tumors which could be enriched
under hypoxic conditions [164] and by treatment with hepatocyte growth factor
[159]. They provide systems for mechanistic testing, which must be related to the
situation in primary and castration-resistant tumors in human, while revealing cel-
lular heterogeneity and the significance of minor cell populations even in these
long-established cell lines.

Asymmetry and Control of Gene Expression in the Normal
and Malignant Prostate Tissue Stem Cell Compartments

The presence of chromosomal rearrangements and mutations provides an ideal tool
for lineage studies in tumor biology. The most common genomic alteration in CaP
is the generation of fusion genes, which place the ERG oncogene under the control
of a strongly prostate-specific androgen-regulated gene TMPRSS2 [165]. This
fusion is detected in about 50 % of human prostate tumors [166]. Identification of
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the TMPRSS2-ETS fusion genes in ~20 % of PIN lesions suggests that it is an early
event in prostate tumorigenesis [167]. We recently showed that TMPRSS2-ERG is
expressed in CD44" integrin o, ""CD133* cells from primary tumors [85] in sup-
port of the hypothesis that the cell of origin of CaP is a basal SC [145]. However,
the expression pattern most frequently observed, when allied to the presence of the
fusion [168], confirmed changes in the expressed allele of TMPRSS2 between the
stem cell populations and the daughter cells. In TMPRSS2-ERG + tumors, the
fusion was expressed in the CSC population, but not in the products of the (pre-
sumed) asymmetric division, which produces transit-amplifying cells, where the
unfused TMPRSS?2 allele was expressed. This was surprising, since expression of
the fusion gene is androgen regulated, yet CD44*a2p1"eCD133* cells are AR".
However, other transcription factors, in addition to AR, for example, the estrogen
receptor [169], could play an equally important role in the regulation of TMPRSS2—
ETS expression, since AR-mediated upregulation of transcription, even in model
systems, is consistently less than tenfold, which cannot account for the high levels
of TMPRSS2 expression seen in many tissues (some of which do not express the
AR). In the majority differentiated cells in tumor-derived material, TMPRSS2-
ERG expression again became randomized, and at higher levels, as AR expression
increased. Similar evidence of asymmetric division was also observed by Qin et al.
[170], on the basis of asymmetric segregation of protein in the LNCaP and LAPC9
cell lines, where the PSA-/¥ tumor-propagating cells divide to produce an
AR +PSA"Meh daughter. The gross changes in gene expression seen in this asymme-
try are again an indication of global changes in gene expression characteristic of
potent epigenetic control [171] such as that achievable by miRNA [172].

Cancer Stem Cells as Minimal Residual Disease
and the Origins of Therapy Resistance

In prostate, the phenotype provides strong evidence for CSCs as a source of pre-
existing therapy resistance within a tumor mass (Fig. 1.2). Similar mechanisms
of resistance have been noted in CSC fractions from other major tumor types in
human (Table 1.3). Most prostate cancers are highly dependent on androgens for
growth and survival [173] upon initial diagnosis, a seminal finding that has
prompted the use of increasingly sophisticated androgen deprivation therapy
(ADT) to treat both locally advanced and metastatic CaP (reviewed by Denmeade
and Isaacs [174]). However, most patients invariably develop castrate-resistant
prostate cancer (CRPC) [174], with multiple nodes of metastatic disease, which
is incurable by current treatment regimes. There is evidence from TRAMP mouse
studies [175] that castration can select for this more aggressive and metastatic
disease. In the LAPC9 human xenograft, a fluctuation analysis of CRPC develop-
ment indicated that resistance probably results from a clonal expansion of rare
androgen-independent cells (1 per 10°-10° androgen-dependent cells) [176]
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Fig. 1.2 Development of treatment resistance in human prostate cancer. The two hypothetical
sources of a resistant tumor (green) are shown. In the upper track, a resistant tumor derives from
adaptive mutation of a susceptible cell with a luminal phenotype (blue) from the tumor mass (sto-
chastic change, as a result of DNA instability in the tumor cells). In the lower panel, the source of
the resistance-initiating cell is a distinctive CSC (purple) with a primitive basal phenotype, which
can subsequently develop the new phenotype required to exist in the post-therapy environment
(e.g., low androgens or high anti-androgens after castration). The target for this adaptive mutation,
i.e., a CSC or a progenitor/transit-amplifying cell (pale blue), is not known

Table 1.3 Some mechanisms Resistance mechanism References
of resistance to common

. Microenvironment/Niche [209]
treatments attributable to X K
cancer stem cells Multidrug resistance/drug efflux [210,211]
Detoxifying enzymes [212]
microRNAs [213, 214]
Cell cycle checkpoints [215]
DNA repair [216]
Inhibition of apoptosis [217]
Stem cell maintenance [182]

rather than a reversion mutation. This cell has the correct frequency for a CSC as
defined in the original studies of [102], but the alternative luminal cell dediffer-
entiation to a more stem-like property can still not be excluded. In LNCaP and
LAPC9 cells, Qin et al. [170] were able to demonstrate the presence of an appro-
priate number of pre-existing PSA-/¥ cells, in these AR*/PSAMeh cell lines, in
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agreement with the pre-existing resistance mechanism. Castration-resistant cells
frequently show an increased AR expression [177], mutations in the AR gene
[178], alterations in AR corepressor—coactivator function [179], or even genomic
amplification of the AR locus [180], but the presence of such an amplification
has not yet been determined in the SC population, and AR expression at the pro-
tein level is either absent or below detection levels [145]. Since mutations would
“fix” a stem cell in a particular relationship with its microenvironment, and
would restrict its ability to respond to restoration of pre-castrate androgen levels,
epigenetic control is more adaptable and likely. The expression of AR in a SC
population in humans and the basal/luminal nature of the TIC has recently been
reviewed [181].

The other forms of primary treatment for human prostate cancers at earlier
stages (apart from surgery) are either external beam or brachytherapy-based radio-
therapies. Given the lifetime need for stem cells in normal tissues, it makes sound
sense for SC to exhibit either a resistance to radiation-induced damage, for exam-
ple, by manipulation of reactive oxygen species [182], or an enhanced capacity
to repair such damage (or indeed both). These properties have been observed in
other tissue types [183]. If we presume that the SC is indeed quiescent, and is
located in a site of relatively low oxygen tension (hypoxia), then there are a num-
ber of mechanisms to explain such aresistance [184, 185]. Application of hypoxic
conditions to prostate cancer cell lines is sufficient in some cases to induce a
stem-like phenotype [164]. The theoretical basis for radiotherapy of tumors has
always been their rapid cell cycle times, but for a quiescent prostate CSC there
will be inherent resistance. Our experiments with primary cultures from human
tumors (F Frame, manuscript submitted for publication) have confirmed the qui-
escence hypothesis and also detected a characteristic form of chromatin packing
in prostate CSCs (but also in normal tissue SC) which mediates this effect.

Standard chemotherapies targeting cycling cells have been remarkably inefficient
in the treatment of advanced stage prostate cancer, after failure of hormonal thera-
pies (i.e., CRPC). If we again consider the quiescent and hypoxic nature of SC,
this does not seem surprising in retrospect [186]. However, the process can also
be active: enhanced repair and chromosomal packing can also restrict access of
bulky DNA damaging agents. The presence of CSCs in a “side population”
expressing ABC transporters [134, 187] could also enhance the efflux of chemo-
therapeutics, although the pattern of expression (S Klein et al. unpublished and
[85]) implies that efflux cannot be the only such resistance mechanism. In drug-
tolerant DU145 cells, which were surprisingly less tumorigenic than the parental
population, a stem-like population (CD44", expressing for example higher levels
of ALDH1 and BCL2) was detected. Yan et al. [188] concluded that these changes
were more likely to be epigenetic, as reversion was possible. Such epigenetic
changes would be a “smart” strategy for stem cells (not just CSCs), reacting to
environmental changes, in contrast to irreversible mutations, as discussed earlier
for AR expression.



26 N.J. Maitland

Strategies to Develop Cancer Stem Cell Therapies
for Prostate Cancer

New In Vitro and In Vivo Testing Systems for
Prostate Cancer Stem Cell Therapies

Whilst the phenotypic nature of prostate CSCs remains somewhat controversial, the
evidence in favor of their existence in almost every major tumor type, including
prostate cancers, is now quite convincing [103, 113]. The major questions posed
regarding their existence are (1) exactly how can we target them for destruction, (2)
given that they must exhibit resistance, how can we overcome that resistance, and (3)
can the established cancer drug development paradigms be used for such studies?

To address the last question, it is becoming clear that the CSC fraction of a tumor
does not possess the rapid proliferative properties of the tumor bulk. Indeed they
appear to be largely quiescent in prostate, expressing low or undetectable levels of
Ki67 and PCNA (F Frame, manuscript in preparation, [189-191]). Cancer SCs are
also extremely rare in tissues, but less so in some cell lines (stem-like rather than
true SC). Therefore, assays describing the effects of CSC therapeutics on tumor or
cell growth (shown in Table 1.4) are probably targeting another cell type (but per-
haps the stem cell simultaneously). It is even likely that anti-CSC agents already
exist, but would have been rejected in high-throughput screening of anti-proliferative
agents, as carried out by the Pharmaceutical industry. The ideal drug (or other agent
such as therapeutic antibody) should indeed target both the CSC and the bulk cells
of the tumor, but given the distinct phenotypic and behavioral differences (e.g.,
[85]), this is unlikely to be found. However, a number of agents have been identified
recently, but these have only rarely been applied to prostate cells and tissues
(Table 1.4). Note that some of these CSC therapeutics were even selected for their
ability to induce growth arrest and tumor shrinkage i.e. incompatible with CSCs as
the primary and sole target.

As summarized in Table 1.2, a closer consideration of the unique properties of
CSCs is more likely to yield the required assays, but the scale of the screens will be
limited by the yield of CSCs, although there have been strategies proposed to expand
these, mainly again from cell lines.

Targeting Susceptible Genes and Signaling Pathways
in Prostate Cancer Stem Cells

Application of the burgeoning knowledge of the biology and phenotype of CSCs
from prostate has however revealed a number of feasible therapeutic approaches (as
shown in Fig. 1.3 and Table 1.5). First, direct killing of the CSC’s is possible by
application of a CSC-specific apoptosis-inducing therapeutic (Fig. 1.3a). In this
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Table 1.4 Cancer stem cell treatments in development
Agent Mode of action Read-out of activity Source of CSC  References
Anti-DLL4 MAb Notch signaling Loss of TIC (CL*)  Colon (breast) [218]
(ligand),
angiogenesis
Metformin miRNA/mTOR Proliferation, Pancreas and [219]
(diabetes) migration, and breast
invasion (CL)
Salinomycin K* ionophores Toxicity in CL Breast [220]
MiR34a siRNA  CD44 inhibition Tumor induction Colon, breast, [163,
and metastasis prostate, and 221-223]
(xenograft CL) lymphoma
Sulforaphane Natural product: Cancer growth (CL) Breast, [224-227]
HDAC and pancreas,
GSTP1, Wnt and prostate
signaling
Curcumin STAT3 signaling, Cell viability and Breast, colon [228, 229]
growth factor sphere
receptors, and formation
MiRNA
GDC-0449 Hedgehog signaling Patient trial: loss of Pancreas [230,231]
CSCs+gem-
citabine
MK-0752 Notch signaling Combination Breast [232,233]
ther-
apy +docetaxel
PT in mice
Resveratrol Natural product Xenograft CL CML, breast, [234-236]

miRNA

and pancreas

*CL indicates that experiments carried out in cell line xenografts and not on patient material

case, we need to know the nature of genes that are responsible for the niche-
independent survival of CSCs, with the implicit restriction that such genes should
not be required for the survival of other (normal) stem cells.

Equally, inhibition of the self-renewal function of stem cells (Fig. 1.3a, c) should
result in a depletion of the stem cell pool. Over time it is expected that the absence
of stem cells would result in an “exhaustion” of the tumor and terminal differentia-
tion/senescence of the bulk tumor cells, in the absence of a replenishment from the
primitive epithelial cell pool. Such approaches are likely to be more effective when
the “exhaustion strategy” is enhanced by addition of a second cytotoxic agent to kill
either the luminal or TA cells directly.

By application of a differentiating agent it is also possible to convert the thera-
peutically refractory stem cells (indicated by a red arrow in Fig. 1.3c) to TA cells
and thus render the differentiated cells susceptible to conventional killing mecha-
nisms (apoptosis and necrosis shown). Such agents would frequently show no direct
cytotoxic effects—when used purely for differentiation, but have frequently been
misemployed as simple cytotoxic agents at higher doses, with predictable off-target
effects. The latter is likely to be a major drawback for this form of therapy, unless
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Fig. 1.3 Strategies for cancer stem cell therapeutic development. (a) Destruction (direct killing)
or differentiation (stem cell pool depletion) of the CSC pool: Eventually, this treatment will result
in a tumor, which may continue to proliferate, but will eventually become “exhausted.” This treat-
ment would show no short-term effects on tumor growth, and the time to exhaustion is unknown
and may vary between tumors. (b) Inhibition or blockade of tumor initiation and spread via CSCs:
Specific targeting of CSC properties such as EMT and colony formation (initiation of tumors at
metastatic sites) could confine tumors to the prostate. However, escape from such inhibition by
activation of alternative pathways could limit its effectiveness. (¢) Combination therapies after
“activation” of CSC by destruction of tumor bulk: This can either be achieved by cyclical applica-
tion of conventional therapies as a monotherapy, or a combination of a more CSC-directed agent
with a current therapy, which is cytoreductive. (d) Combination therapies with epigenetic or fate-
modifying agents: Here, the initial treatment to break stem cell quiescence and/or resistance need
not be toxic, and could result in a short-term increase in tumor markers. However, the resultant
tumor would then contain higher numbers of susceptible cells for more conventional therapies
(after Frame and Maitland [183])
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Table 1.5 In vitro and in vivo tests for cancer stem cell therapeutics

Proposed effect Experimental read out Consequences
In vitro assays
Induction of apoptosis Annexin V/caspase expression,  Direct cell killing of CSCs
DNA fragmentation
Induction of differentiation ~ Loss of expression of SC Depletion of SC pool:
markers, expression of early generation of cells
and late luminal markers such susceptible to conventional
as PAP and PSA agents
Inhibition of self-renewal/ Loss of CSC markers, increase in  Loss of ability to form viable
asymmetric division committed basal cell markers primary/secondary
colonies or
prostatospheres
Suppression of metastatic Boyden chamber invasion/ Organ confined tumor in
potential motility assays chronic manageable form
In vivo assays
Established tumor treatment ~ Tumor shrinkage/eradication No or long delayed effect
with single agent
Established tumor treatment ~ Tumor shrinkage/eradication Shrinkage plus delay in
with antiproliferative and relapse/eradication
CSC agent
Ex vivo treatment and Tumor induction No tumor induction, delay in
reimplantation growth, and unsustained
growth

specific differentiation-controlling functions in prostate can be identified: the ability
to differentiate, albeit aberrantly, seems to be hard wired into many tumor types.

A third option (Fig. 1.3b) could be the inhibition of the invasive function of the
CSC, if they are indeed responsible for primary dissemination of tumors to meta-
static sites. Such a strategy would require long-term application and could be sus-
ceptible to the development of new invasive phenotypes.

Finally, a commonly employed strategy has been to adopt an empirical approach,
by testing the activity of existing agents against stem cells. The paradox here is that
many of these agents would have been failures in traditional anticancer assays,
which are based on the enhanced killing of cancer cells, relative to normal. If stem
cells are in a largely quiescent state, then they will be impervious to such drugs.
Some such agents are listed in Table 1.4.

It is conceivable that the repair and renewal properties of cancer stem cells within
a tumor can be exploited to undermine their treatment resistance. If, as we suspect,
the quiescent CSC population is activated by the destruction of the tumor mass, to
produce new repopulating transit-amplifying cells, this may be their Achilles’ heel.
By inducing widespread cell death, there may be a window of opportunity to apply
CSC therapies. This strategy of course assumes that all CSCs react to “repopulate”
the tumor, which is perhaps too simplistic an hypothesis. Remaining CSCs could
then regenerate the tumor in the post-treatment environment. It is perhaps only after
such combination therapies are tested that the demands on cellular dynamics and its
impact on treatment will be revealed.
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There may be an example of just such a reaction in the outcome of the REDUCE
and PCPT clinical trials [192]. In December, 2010, the FDAs’ Oncologic Drugs
Advisory Committee (ODAC) voted against recommending dutasteride (Avodart,
GlaxoSmithKline) for an indication of reducing prostate cancer risk, because in the
view of the ODAC members “the risk for more aggressive tumors outweighed the
potential for chemoprevention.” ODAC then recommended against prostate cancer
chemoprevention labeling for the 5-alpha reductase inhibitors—dutasteride and fin-
asteride. With a knowledge of the existence of an androgen-insensitive cancer stem
cell in the pre-existing tumors in the men who did develop fatal metastatic cancers in
these trials, then the phenotype of the observed cancers, which arose in an androgen
response modified environment (undifferentiated/aggressive), is less surprising.

Clinical Applications of Prostate Cancer Stem Cell Therapies

As discussed above, the ideal CSC therapeutic should affect both the SC and the grow-
ing component. The therapeutic index would be both tumor shrinkage and lack of recur-
rence (and increased survival). This remains both unlikely and probably unattainable. In
fact, a targeted CSC therapy would have neither a medium nor long-term effect on tumor
size, but might prevent spread and degree of secondary disease, which is of course the
fatal lesion in advanced prostate cancer. The use of combination therapies (Fig. 1.3c, d)
to shrink tumor bulk and to remove the CSC component is therefore preferable, but the
most effective means of developing such combinations are still in their infancy. For
example, should a cytotoxic therapy be used before the putative stem cell treatment, in a
manner similar to adjuvant androgen withdrawal before radiotherapy [193] or subse-
quently to stem cell eradication? The enrichment for a CSC population after cytotoxic
treatment and a possible release of quiescence or destruction of a protective niche as part
of a CSC “repair response” in the cancer suggest that a primary cytotoxic treatment
could make CSCs more susceptible to treatment. Equally, the collateral damage after
strong cytotoxic therapy to the immune response and tissue integrity argues that the
CSC therapy should perhaps be the primary treatment.

Next, which type of patients will we be allowed to treat? Most phase 1/2 clinical
trials are carried out on terminal CRPC patients, but after multiple rounds of chemo-
therapies is this form of prostate cancer a single disease or does it consist of many
variants, compared to a primary untreated cancer [194, 195]? If advanced prostate
cancer is truly multifocal, a highly targeted therapy could only eradicate a single
clone of CSCs. The data from Luo et al. [195] and from high-throughput genome
sequencing [196] suggest that this is rare, and that most disseminated disease prob-
ably originates by selecting variants of a founder tumor. Therefore, if the targeting
were able to eliminate a “founder mutation,” assuming that it was still essential for
the survival of the variant CSCs [195], then the chances of success are higher.

One can also question the need to kill the CSCs: introducing the concept of
quiescence-breaking or differentiating agents as the co-treatment to make the CSC
population more susceptible to standard chemotherapies [197]. This has been
immensely effective in some tumors such as acute promyelocytic leukemia [198, 199].
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Lastly, what is the correct agent to achieve the targeting of CSCs, to overcome
the potential resistance via enhanced small molecule effluxing, and/or the location
of the CSCs within the tumor mass? For example, are the CSCs at the invasion front,
as in some mouse models, or deep within the tumor mass at sites inaccessible to
more bulky therapies such as monoclonal antibodies, nanoparticles, and viruses—or
perhaps both? To resolve all of these contentions requires considerable experimen-
tal effort, before translation to patients. Perhaps the greatest danger to this field is
the premature application in humans, ahead of a deeper knowledge of the conse-
quences of the therapy. Gene therapy for inherited immunodeficiency has already
been affected by this triumph of enthusiasm over ability [200].

Conclusions

The existence of cancer stem cells, whilst suspected for many years, is a relatively
recent development in our understanding of human tumors. Despite increasing evi-
dence pointing to the critical role of these relatively rare cells, controversy about their
phenotype and responses to prostate cancer treatment remains. In some ways, the
behavior and phenotypic nature of these cells may be seen to contradict the most
established dogmas in our understanding of prostate cancers. If the tumor-initiating
cell in human prostate is indeed a nonluminal/basal type, then it will be impervious to
the long-established hormonal-based [173] and current treatments, which only rarely
effect a cure in High Gleason grade tumors. Strategies to completely block the hor-
monal response are unlikely to bring substantial benefit on this basis. Our current treat-
ments are influenced by a reliance on the few established cell lines and long-term
xenografts employed in therapeutic development. One of the major lessons from stem
cell studies has been to reaffirm the cellular and genetic heterogeneity of prostate
tumors—even in these same cell lines. Ultimately, our strongest experimental paradigm
is the patient. The treatment strategies of the next decade should inevitably take this into
account, if we are to improve the disappointing medical responses we see at present.
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Chapter 2
Role of Reactive Stroma in Prostate Cancer

Rebeca San Martin and David R. Rowley

Abstract Reactive stroma initiates at sites of epithelial damage to mediate tissue
repair and restore homeostasis. Genomic instability of epithelial cells at sites of
early lesions such as prostatic intraepithelial neoplasia produces a similar breach of
the epithelial barrier and an initiation of reactive stroma. Reactive stromal cells,
termed myofibroblasts and carcinoma-associated fibroblasts, have been shown to
originate potentially from several sources including tissue fibroblasts, resident stro-
mal stem cells, vascular cells, and marrow-derived mesenchymal stem cells. Several
growth factors such as transforming growth factor-f§ and interleukin-8 induce reac-
tive stroma and regulate several downstream factors expressed in reactive stroma.
Reactive stroma in prostate cancer is heterogeneous, and the amount of reactive
stroma is predictive of disease progression. The heterogeneity of cells in reactive
stroma is possibly a key aspect of the tumor-promoting properties. It is likely that
reactive stroma biology is an important aspect of tumor progression to metastasis
and acquired therapeutic resistance. Targeting the tumor microenvironment reactive
stroma together with direct targeting of cancer cells may represent an effective ther-
apeutic approach for the treatment of prostate cancer.

Homeostasis Control and Reactive Tissue

Homeostasis is a critically important concept in biology. The term homeostasis can
be broadly defined as the continual maintenance of balance in environmental condi-
tions of the cell and tissue throughout life. All tissues and organ systems, in some
manner, are involved in this homeostasis control, which necessarily involves
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coordinate interactions between many cell types. The balance achieved by these
interactions is critical for the maintenance of adult differentiated tissue function.

The key biological principle that orchestrates these emerging mechanisms in
cells and tissues is the inherent biological concept of survival of self and survival of
the species. Owing to this fundamental principle, once homeostasis has been com-
promised in a tissue, the biology of priority is rapidly adjusted from one of adult
differentiated gene expression and function to one of repair and restoration of
homeostasis, in which tissue and cell interactions are orchestrated to promote sur-
vival. Why is this principle so important to the understanding of the role of reactive
stroma in prostate cancer? This fundamental principle is the basis for understanding
and studying the role of the tumor microenvironment during tumor progression and
metastasis. It follows that a change in the biology of priority to one of survival
would necessitate changes in cell phenotypes, in gene expression profiles, and in
tissue structure in order to service the new priority of tissue repair. As will become
apparent in this chapter, the stromal compartment of cells lying adjacent to epithe-
lium is uniquely designed to foster a rapid repair of the epithelium. Accordingly, the
role of the reactive stroma and, indeed, the whole of the tumor microenvironment is
not to service the needs and progression of the carcinoma. Rather, the responses of
the stromal compartment have evolved to service the need to restore homeostasis
back to that of the normal functioning tissue. In this regard, the important declara-
tion by Dvorak that tumors are “wounds that do not heal” is an accurate perspective
that helps greatly in investigating the role of the tumor microenvironment that
coevolves with the carcinoma [1].

The prostate gland is a typical epithelial glandular tissue, in that it is constructed
with glandular acini composed of polarized epithelial cells that secrete into the acini
lumen. A continuous layer of secretory epithelial cells resides with basal epithelial
cells and the intermittent neuroendocrine epithelial cells, all sitting on a basal lam-
ina of extracellular matrix (Fig. 2.1). Important for this discussion, it should be
noted that all epithelium, irrespective of location or function, exhibit a key barrier
function in the tissue or organ [2]. The epithelial layer is continuous and the surface
of the epithelium is in contact with the outside environment. This surface has the
potential to harbor microorganisms and foreign proteins. Hence, the surface of epi-
thelium exhibits a protective biology and is either covered with keratin squames, as
in stratified squamous epithelium of the skin, or covered with mucous secretions as
in the pulmonary and gastrointestinal tract epithelium. Whether it be keratin
squames, mucous, or other secretions, these products of epithelium serve a protec-
tive innate immune function as a barrier to outside invaders [2]. The continuous
epithelium also exhibits apical junctional complexes that serve both adherence as
well as barrier functions. In addition, all epithelium reside on a basal lamina of
matrix that is also continuous. Accordingly, while all epithelium are designed to
secrete and/or absorb materials specific for the function of the tissue where it
resides, the epithelial layer also provides a key barrier function that is critical to the
evolved need for survival of self and survival of the species. It follows that if trauma
or disease results in a breach of this epithelial barrier, this event would elicit a rapid
and specific response to the underlying stromal compartment that is designed to
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In normal prostate, the epithelium forms an
important barrier between the external
environment (lumen of the acini) and
interior stroma via apical junctional
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In premalignant prostate cancer, proliferative
changes in epithelium and loss of polarity
accompanies a breach in the basal lamina.
Cytokines and other factors from the epithelium
trigger activation of a reactive stroma
myofibroblast/CAF-like phenotype, derived
potentially from resident mesenchymal stem
cells, adjacent microvasculature, and the bone
marrow. These responses are similar in
damaged normal epithelium and the reciprocal
wound healing response where a breach in
epithelial barrier has occurred.

Fig. 2.1 Evolution of reactive stroma at sites of epithelial damage or pre-neoplastic changes

return the tissue or organ back to normal homeostasis [3]. Formation of a carcinoma
in situ or a premalignant condition such as prostatic intraepithelial neoplasia (PIN)
results in a loss of normal epithelial structure, in which the architecture of the epi-
thelial layer is compromised (Fig. 2.1). During PIN, the epithelium loses its charac-
teristic polarity, epithelial piling occurs, and apical junctional complexes that are so
critical to the barrier function are altered [4—6]. Moreover, the basal lamina exhibits
changes suggestive of degradation. Hence, coordinate with genomic instability and
evolution of the premalignant conditions in the epithelial cell layer, a fundamental
breach in the barrier function of epithelium occurs. It follows that a reactive response
in the adjacent stroma would be predictable.

During normal wound repair in epithelial tissues, the breach of the epithelial bar-
rier leads to production of cytokines and chemokines from the damaged epithelium
[2]. Many factors function interactively to recruit neutrophils, macrophages, and
other effector cells. Moreover, stromal fibroblasts and myofibroblasts function to
remodel the extracellular matrix and eventually contract to aid in wound closure [3].
During this repair state, remodeling of the stromal compartment also takes place
leading to activation and repair of damaged blood vessels, sprouting of new vessels
from existing vessels (angiogenesis), and remodeling of nerve networks. Therefore,
the importance of the coordinated response put into place within the stromal com-
partment is obvious: to ensure the rapid repair of a damaged epithelial barrier and,
therefore, to promote the likelihood of survival.
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The Coevolution of Reactive Stroma with Prostate Cancer

PIN results in a disrupted epithelial barrier in the prostate gland. As such, focal regions
of a prototypical reactive stroma response are observed in approximately 50 % of PIN
foci [7]. This initial stromal response is typified by expansion of vimentin-positive
fibroblasts that reside immediately next to the basal lamina of the prostate epithelium.
These cells also begin to express pro-collagen type I, common to wound repair stroma.
Such cells have been termed carcinoma-associated fibroblasts (CAFs) and play a criti-
cal role in regulating carcinoma progression (Fig. 2.1). During progression of PIN to
well-differentiated adenocarcinoma, the reactive stroma evolves to ~50 % CAFs and
50 % myofibroblasts at Gleason 3 foci [7]. This converts to mostly myofibroblasts at
Gleason 4 foci. The myofibroblasts are vimentin and smooth muscle a-actin (a-SMA)
positive but express lower levels of a-SMA compared to the smooth muscle cells in
the normal human prostate gland [7, 8]. These myofibroblasts are also positive for
fibroblast activation protein (FAP), tenascin-C, and pro-collagen I, suggesting that
they are active in matrix turnover and remodeling during cancer progression. Select
foci of PIN also overexpress transforming growth factor beta (TGF-$1), although the
direct spatial localization of TGF-B1-positive PIN foci has not been correlated with
foci of reactive stroma [7]. Coordinate with the evolution of reactive stroma, there is a
remodeling of the nerve network and active neurogenesis and axonogenesis in the
tumor microenvironment of human prostate cancer [9].

The relationship between CAFs and myofibroblasts is not yet understood. It is not
known whether these cells represent different downstream phenotypes of the same stem/
progenitor cell type of origin or whether they are separate lineages of cells. Recent stud-
ies have shown, however, that the heterogeneity of the reactive stromal cells with respect
to their responsiveness to TGF-f is associated with an enhanced promotion of experi-
mental prostate cancer [10, 11]. The types and sources of reactive stroma cells and their
interactions are complicated and are not yet well understood. Moreover, how these stro-
mal cells interact with immune system components, vessels, matrix, and nerves in the
tumor microenvironment is not known and is likely to involve a complex network of
signals and co-regulation [12—15]. Yet, these interactions and the biology that evolves
are likely to be important for the development of novel prognostic and therapeutic
approaches [16]. It is becoming clear that once CAFs acquire different properties as
compared to normal fibroblasts, they seem to maintain these properties even when sepa-
rated from cancer cells [17]. The biology of CAFs has permitted key studies that show
the potent cancer-inductive potential of CAFs in prostate cancer models [16, 18, 19].

The Association of Reactive Stroma with Prostate Cancer
Progression

Both CAFs and myofibroblasts are tumor promoting, as might be expected given
their similarities to fibroblasts and myofibroblasts in the wound repair environment
[10, 11, 19-23]. Analysis of human prostate cancer tissue for markers of reactive



2 Role of Reactive Stroma in Prostate Cancer 47

stroma has shown that the relative volume of reactive stroma is a significant predic-
tor of disease progression to biochemical (prostate-specific antigen levels) recur-
rence after prostatectomy [8, 24]. In addition to volume of reactive stroma, markers
such as vimentin are useful in predicting what patients might progress more rapidly.
Patients who had higher vimentin levels, yet identical Gleason scores, progressed to
recurrent disease more rapidly [25]. Similarly, elevated expression of matrix metal-
loproteinase-9 (MMP-9) in stromal cells is associated with biochemical recurrence
in prostate cancer [26]. Moreover, the volume of reactive stroma is also a significant
predictor of prostate cancer-specific death [27].

The differential biology of how reactive stroma affects cancer progression is
congruent with observed changes in gene expression. Gene expression profiling
of reactive stroma as compared to normal stroma has also shown significant
changes in gene expression patterns. When laser-dissected regions of reactive
stroma grade 3 (50 % or more of tumor is reactive stroma) were compared to
normal prostate gland stroma regions, over a 1,000 unique genes showed signifi-
cant differences in expression levels (544 overexpressed and 606 underexpressed)
[28]. Gene ontology analysis in this study suggested that neurogenesis and DNA
damage and repair pathways were most prominently affected. Other pathways
included metabolic changes and stem cell activity. Another study showed that
671 transcripts were elevated and 356 were decreased in prostate cancer-reactive
stroma [29]. Gene ontology analysis suggested genes involved in prostate mor-
phogenesis were enriched and cell cycle genes were decreased. An additional
gene expression profiling study pointed to the differential expression of osteo-
genic proteins in reactive stroma in prostate cancer [30]. Changes in gene expres-
sion patterns are observed in the reactive stroma tumor microenvironment in
other cancers as well. In ductal carcinoma in situ (DCIS) of the mammary gland,
changes in gene expression patterns in both the stromal cells and macrophages
have been reported [31]. Changes in invasive breast cancer showed altered pat-
terns in reactive stroma suggestive of matrix remodeling and proteolytic changes
[32]. Moreover, changes in gene expression patterns in the reactive stroma in
breast cancer have even been shown to be predictive of response to presurgical
chemotherapy [33]. An analysis of select genes in the reactive stroma of hepato-
cellular cancer showed that amount of reactive stroma was predictive of recur-
rence and suggested regulation of angiogenesis, matrix remodeling, and immune
activity [34]. Overall, it is becoming evident that changes in gene expression
profiles within the tumor microenvironment show defined patterns of genes that
are more predictive of metastasis behaviors [35].

In addition to transcriptional changes, there appears to be differential regulation
by micro-RNAs and epigenetics in the reactive stroma phenotype as well. Both
miR-15 and miR-16 were downregulated in prostate cancer-reactive stroma, while
re-expression of these attenuated the cancer-promoting activity of reactive stroma
[36]. It is likely that epigenetic changes in methylation occur within reactive stroma
in prostate cancer [37]; however, this has not been thoroughly studied.

In light of the developing literature that suggests reactive stroma is associated
with major shifts in oxidative stress and inflammation, the altered gene
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expression patterns reported so far point to fundamental processes of repair and
renewal of stromal tissue. This is consistent with the hypothesis that reactive
stroma coevolves with cancer as a compensatory event and, importantly, that this
coevolution is likely to affect resistance patterns to therapeutics. Although reac-
tive stroma within a particular cancer type shows changes as compared to nor-
mal, the gene sets seem to be somewhat distinct for the tissue/tumor type. For
example, a comparison between gene sets in breast and prostate cancer-reactive
stroma revealed distinct expression patterns, suggesting that different tumor
types exhibit distinct changes in gene expression within the reactive stroma [38].
Some of the differences in gene expression patterns are likely the result of the
heterogeneity of different reactive stroma cell types within a particular tumor. In
any event, the data suggest that reactive stroma, in general, is promoting cancer
progression and the volume and specific markers are significantly correlated with
cancer progression. Less understood are the cell types of origin for reactive
stroma and how this might relate to the heterogeneity of reactive stroma cell
types and their biology during cancer progression.

The Origin of Reactive Stroma

Critical questions have emerged over the last 10 years as to the cell type or cell types
of origin for the generation of reactive stroma in wound repair, chronic fibroses, and
cancer. Moreover, the general nature and normal function of these reactive cells in
tissue homeostasis are not fully understood. It is not likely that a specific type of
reactive fibroblast evolved to just provide a reactive stroma microenvironment to
service carcinoma cells. The term “carcinoma-associated fibroblast” was generated
because these cells were adjacent to cancer cells, could be derived from tumor tis-
sue, appeared to have differential expression of reactive stroma markers, and,
importantly, exhibited differential tumor-inductive ability when tested either in vitro
or in vivo [19, 39, 40]. It is unlikely that this cell type evolved solely to serve a role
in cancer; rather, it is likely that these cells emerge at sites of disrupted epithelial
homeostasis and breach of the epithelial barrier. This becomes an important issue to
understand as we learn more about the stem and/or progenitor cells that evolve to
reactive stroma CAFs (reactive fibroblasts) and/or myofibroblasts. Such knowledge
could aid in developing therapeutic approaches to target the differentiation of these
cells. Many studies now point to the likelihood of multiple sites and cell types of
origin that produce these reactive stromal cells.

A recent study using mouse models has shown that CAF-like cells, which are
FAP-positive “tumor-associated fibroblasts (TAFs),” are likely recruited from
marrow-derived mesenchymal stem cells, while “fibrovascular stroma” such as
myofibroblasts and endothelial cells are derived from adjacent adipose tissue in
breast and ovarian cancer models [41]. Studies that have directly compared
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tumor-derived TAFs to mesenchymal stem cells (MSCs) show that they share sev-
eral characteristics and common sets of differentially expressed genes and suggest
that TAFs should be viewed as a subset of MSCs with special features [42]. Several
studies point to the recruitment of tissue-derived MSCs as a key source for CAFs
and myofibroblasts. A key study examining acute tissue injury concluded that “pro-
fibrotic cells,” which transiently express a disintegrin and metalloprotease 12
(ADAM-12), originate in the perivascular wall and give rise to “collagen overpro-
ducing cells”—myofibroblasts [43]. Cancer recruits MSCs from local tissue and
from circulating pools [44, 45]. MSCs migrate toward carcinoma cells, and stromal
cell derived factor-1 (SDF-1, CXCL-12) expression in MSCs is required for this
migration [46]. Similarly, a myocardial infarction model showed that SDF-1 was
critical for MSC migration to the wound and expression of cytokines [47]. Moreover,
human marrow-derived MSCs are induced to CAFs by exposure to “tumor condi-
tioned media,” and these CAFs also express SDF-1, exhibit myofibroblastic features
(a-SMA positive), and exhibit tumor-promoting activity [48]. In a gastric cancer
model, ~20 % of CAFs in the tumor were derived from bone marrow and again
SDF-1 was implicated in their recruitment and biology [49]. Lung cancer cells
induce MSCs derived from adipose tissue to express periostin, which mediates both
the subsequent differentiation of the MSCs to myofibroblasts as well as their tumor-
promoting biology in vivo [50]. Similarly, lung-derived MSCs were shown to be
“unique” from lung fibroblasts and functioned to regulate much of wound repair and
effector T-cell immune responses [S1]. MSC biology also affects immune responses.
MSCs are mobilized from the bone marrow and can be recruited to tumors where
they can also have immunosuppressive functions that are tumor promoting; how-
ever, they can sometimes exhibit tumor-inhibiting properties as well [52, 53].
Moreover, MSCs affect macrophage function [54], dendritic cell function [55, 56],
and the amount of regulatory T cells in the tumor microenvironment in a breast
cancer model [57]. Indeed, MSCs may affect many different aspects of immune
responses [58]. MSCs may also play a role in response to therapy and therapeutic
resistance. Radiation in a mammary tumor model resulted in increased recruitment
of MSCs [59]. Accordingly, MSCs or MSC-like cells most likely are recruited both
from local sources, including the vascular wall, as well as from bone marrow. Less
clear are the different types of cells in the tumor microenvironment into which
MSCs are capable of differentiating and the specific function these cells serve.
Finally, how MSCs interact with other cell types within the tumor microenviron-
ment and the role they may play in response to therapy are not understood. Within
the theme of homeostasis control, it is likely that MSCs and their derivatives in
reactive stroma are capable of exhibiting both tumor-promoting and tumor-inhibit-
ing functions and that the balance of these functions is dependent on other cell
types, the milieu of growth regulatory factors, the state of immune response, and the
specific tumor type.

In addition to MSCs, other cell types have been implicated as potential progeni-
tors for CAFs and myofibroblasts. In liver diseases including cancer, myofibroblasts
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arise from perivascular stellate cells [60]. Similarly, pro-fibrotic stromal cells that
are activated in acute injury originate from cells in the perivascular space [43]. The
origin of reactive fibroblasts (CAFs) from the vascular compartment is intriguing
for many reasons. The postcapillary venule side of the microvascular network is the
vascular segment most involved with inflammatory reactions during disrupted tis-
sue homeostasis [61]. This segment is where control of tissue fluid occurs during
inflammation and is most sensitive to regulators such as histamine, serotonins, and
bradykinins. An attractive hypothesis is that this segment may house or produce
stem/progenitor cells, which boil off of the postcapillary venules in reactive situa-
tions, in order to form an initial reactive stroma for supporting the initial phases of
tissue repair. These phases include formation of granulation tissue and new vessels
through angiogenesis, representing classic wound repair. Each of these features has
been noted at sites of initial reactive stroma formation in PIN at the base of epithe-
lial acini, where there also exists a strategic placement and abundance of microvas-
culature [7]. Moreover, TGF-B, a potent regulator of reactive stroma, induces
transition of endothelial cells to a mesenchymal mural cell (smooth muscle actin
positive) in a Snail-dependent manner [62]. It is possible that such activated mural
cells may function to be the first wave of CAFs observed during initial reactive
stroma formation.

CAFs and myofibroblast-reactive stromal cells may result from epithelial to mes-
enchymal transition (EMT). Matrix metalloproteinases (MMPs) may induce epithe-
lial cells through EMT to become myofibroblasts at sites of fibroses and within the
tumor microenvironment [63, 64]. In a mouse model of Crohn’s disease, EMT of
intestinal epithelial cells was implicated in the fibroses; however, cells exhibited
both epithelial and mesenchymal markers [65]. Circulating fibrocytes, which share
characteristics with monocytes and fibroblasts, form a mesenchymal-like reactive
stroma at sites of wound repair and fibrosis, although the biology of these cells is
not well understood [66].

Together, these studies suggest that CAFs and myofibroblasts can originate from
several sources, including MSCs, the vascular wall, circulating cells of bone mar-
row origin, and possibly from resident epithelial cells (Fig. 2.1). It is likely that sites
of reactive stroma in various diseases and wound repair involve cells that originate
from these various sources and that these cells exhibit an interactive biology that
evolves to provide the most optimal repair for the specific defect or disorder.

Regulatory Mechanisms and Reactive Stroma Biology

Additional questions have emerged regarding the identification of key mechanisms
that induce and regulate the formation of reactive stroma. Again, such mechanisms
could be targeted with new therapeutic approaches. Little is understood about the
specific mechanisms of recruitment and activation of CAFs and myofibroblasts.
Several factors including TGF-f have been implicated in the induction of myofibro-
blasts. TGF-f has activities in the microenvironment that are both tumor promoting
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and tumor inhibiting. TGF- promotes myofibroblast differentiation as well as reac-
tive stroma biology and induction of tumor growth in some experimental systems,
including prostate cancer [14, 22, 67, 68]. TGF-B-induced pathways lead to altered
expression of many genes in prostate cancer-derived myofibroblasts, including
smooth muscle a-actin, calponin, and tenascin-C [69]. TGF-p inhibits stromal cell
promotion of cancer and loss of signaling functions to stimulate the tumor-inductive
properties of reactive stroma and T cells [70-72]. The heterogeneity of response to
TGF-B in stromal cells potently promotes prostate cancer tumorigenesis [10-12],
which may explain some of the previously paradoxical results. It is clear that TGF-f3
is a very potent regulator of reactive stroma in wound repair, fibrosis, and other
proliferative diseases. TGF-f induces expression and secretion of several pro-
angiogenic and pro-tumorigenic factors including connective tissue growth factor
(CTGF) and fibroblast growth factor beta (FGF-2) in prostate stromal cells [23, 67].
The role of the TGF-B/CTGF axis in regulating reactive stroma has also been impli-
cated in hepatocellular cancer [73]. The significance of FGF-2 in prostate cancer
microenvironment is further supported by studies of microRNAs. Both miR-15 and
miR-16 are downregulated in human prostate cancer microenvironment [36].
Downregulation of these miRNAs in CAFs led to loss of repression of FGF-2 and
FGFR1 and promoted tumor cell proliferation, migration, and survival.

The expression of CXCL-8 or interleukin-8 (IL-8) is also upregulated in human
prostate cancer and correlates with disease progression [74]. We have shown that
IL-8 and its murine homolog, keratinocyte chemokine (KC), are potent inducers of
reactive stroma phenotype in benign prostatic hyperplasia, including the expression
and spatial deposition of tenascin-C [75-77]. Although IL-8 has been studied in
many proliferative and inflammatory disorders and appears to regulate many com-
ponents of reactive stroma biology, its specific role in prostate cancer progression is
not yet understood.

Other chemokines have also been implicated in the interactions between reactive
stroma and cancer. In prostate cancer, the expression of CXCL-14 was elevated in
CAFs of most cancers analyzed and promoted prostate cancer xenograft tumor
growth, macrophage infiltration, and angiogenesis [78]. In mammary cancer mod-
els, interleukin-6 (IL-6) was secreted by reactive stroma cells and mast cells and
induced EMT in cancer cells [79]. IL-6 is also secreted by carcinoma cells in pros-
tate cancer and activates CAFs to secrete matrix metalloproteinases (MMPs) that
play a role in EMT, tumor progression, and metastasis in an experimental model
[80]. In addition to CXCL-14 and IL-8, several additional chemokines have been
implicated in mediating “crosstalk” between carcinoma cells and CAFs, including
CXCL-12 (SDF-1), CCL2, CCL5, and CCL7, which are also associated with tumor
progression and malignancy [81]. Of these, CXCL-12 appears to be a key factor in
reactive stroma biology [82]. CXCL-12 induces recruitment of marrow-derived vas-
culogenic progenitor cells, thereby promoting vasculogenesis [83]. CXCL-12 activ-
ity is mediated through the CXCR4 receptor, which is likely to be critical for cancer
cell survival, growth, and metastasis [84]. Both CXCI-12 and CXCR4 can be regu-
lated by cyclooxigenase 2 (COX-2) and associated prostaglandins, other key media-
tors of inflammation [85].
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Several growth regulatory factors associated with wound repair and tissue
remodeling have been implicated in the biology of reactive stroma in cancer.
Hepatocyte growth factor (HGF) secreted by reactive stroma promotes invasion of
esophageal cancer cells [86]. Paracrine signaling between cancer and stromal cells
through stimulation of Hedgehog pathways in stromal cells has also been impli-
cated, and this may involve stimulated IL-6 expression in stromal cells as well as
stimulation of angiogenesis [87-89]. In prostate cancer, stimulation of paracrine
Hedgehog signaling in reactive stroma led to myofibroblast promotion of tumor
growth [90].

Several extracellular matrix-associated proteins have also been implicated as
being important in the tumor microenvironment of reactive stroma. Tenascin-C, a
matrix-associated glycoprotein, is a marker for reactive stroma in prostate cancer [7,
91] and is elevated in most reactive stroma associated with cancer and in fibrosis.
Tenascin-C is a potent factor in the activation of innate immunity and inflammation
[92, 93]. Moreover, tenascin-C is implicated in differentiation of myofibroblasts in
reactive stroma and is an important mediator of fibrosis and of TGF-f action [94—
96]. Tenascin-C has also been implicated in regulating branching morphogenesis of
endothelial cells, new vessel development [97, 98], and in nerve repair processes
[99]. In mammary cancer, tenascin-C expression by cancer cells is important for
regulating metastasis initiating events in lung metastases [100]. Stromal cell expres-
sion of tenascin-C is also a critical component of metastatic capability, and this may
involve prevention of apoptosis [101].

Other matrix-associated proteins that are likely involved in mediating the biol-
ogy of the tumor microenvironment include secreted protein acidic and rich in cys-
teine (SPARC) and the ps20 protein (encoded by the WFDCI1 gene) [102—106].
SPARC may involve formation of reactive stroma that is not tumor promoting and
thereby may be involved in regulating the biological heterogeneity of reactive
stroma [107]. Versican, another matrix protein, induces differentiation of stromal
cells to myofibroblasts in the tumor microenvironment [108]. Versican together
with hyaluronic acid (HA) promotes motility of prostate cancer cells [109]. HA is
further implicated in the TGF-} induction of fibroblast to myofibroblast differentia-
tion in reactive stroma [110]. Enzymes that regulate matrix biology are also impor-
tant modulators of cancer progression. The matrix metalloproteinases (MMPs) are
key regulators of matrix biology and cancer cell biology [111]. The expression of
MMP-9 in prostate reactive stroma was correlated with biochemical recurrent dis-
ease [26]. The membrane-tethered MMP, termed MT-1-MMP, is responsible for
collagen degradation of mesenchymal stem cells that is required for their invasion
and differentiation in areas of tissue damage [112].

In general, most modulators of oxidative stress and inflammation have been
implicated in the interactions between cancer cells and reactive stroma [113].
Cyclooxygenase-2 (COX-2) mediates the tumor-promoting activity of reactive
fibroblasts in mammary cancer models, and this involves elevated MMP-9 activity
[114]. COX-2 also modulates the CXCL-12/CXCR4 signaling axis in reactive stro-
mal cells as discussed previously [85]. High COX-2 expression in stromal cells also
promoted proliferation and VEGF production by cancer cells [115]. In a mammary
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cancer study, high levels of reactive oxygen species induced fibroblast to myofibro-
blast conversion and this involved CXCl-12 activity [116]. Altered physiology regu-
lated by elevated NOX-4 and generation of reactive oxygen species is downstream
of the TGF-B-induced fibroblast to myofibroblast differentiation in prostate stromal
cells [117]. Accordingly, there appears to be a close association between altered
oxidative stress, the actions of growth factors that induce myofibroblast differentia-
tion, and the formation of a tumor-promoting reactive stroma.

Importantly, the biology of MSCs, CAFs, and myofibroblasts seems also to be
interactive with the biology of other marrow-derived cells such as mast cells and
macrophages at sites of wound repair and reactive stroma in disease. It is likely that
these reciprocal interactions affect a coordinate biology that integrates immune
action with tissue repair and angiogenesis [118]. Macrophages cocultured with
MSCs exhibit an alternative unique phenotype. This has led to the concept of a
“mesenchymal stem cell educated macrophage” whereby interactions with MSCs
induce an activated macrophage with a unique alternative phenotype [54]. Mast
cells accumulation in the tumor microenvironment is associated with a more rapid
tumorigenesis in a pancreatic cancer model [119]. Mast cells may also regulate
immunosuppressive activity in the tumor microenvironment [120, 121], and their
expression of IL-6 in the tumor microenvironment is also implicated in tumor-
promoting biology [79] .

Androgens may play a role in the tumor-promoting biology of reactive stroma
associated with prostate cancer. A subset of fibroblasts in the prostate gland
expresses androgen receptor, and androgens regulated several growth factor path-
ways including TGF-p and Hedgehog [122]. Moreover, knockdown of androgen
receptor in prostate stromal cells resulted in lower collagen deposition and a lower
expression of several growth factors [123]. Although much remains to be under-
stood, it is likely that androgen action in prostate gland stromal cells is involved in
homeostasis of the stromal compartment and in the genesis of reactive stroma in
prostate diseases.

Therapeutic Approaches that Target Reactive Stroma

Targeting the tumor microenvironment and the biology of reactive stromal cells is
in progress and holds considerable promise, particularly when used in combination
with direct cancer cell-directed therapeutics [124—127]. The tumor microenviron-
ment exhibits a complex biology with many cell types that are likely to have a stable
genome, unlike cancer cells. This concept may afford a more rational and sustain-
able therapeutic approach that could be less prone to therapeutic resistance. Altering
the tumor microenvironment via “ligand targeted nanoparticle” in a murine mam-
mary cancer model inhibited STAT-3 signaling that, when combined with a DNA
vaccine to HER-2, resulted in an inhibited tumor growth and elevated immune sur-
veillance [128]. Mice vaccinated against FAP (fibroblast activation protein)
expressed in the reactive stroma exhibited inhibited tumor responses with
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experimental melanoma, lymphoma, and carcinoma models [129]. Similarly, target-
ing FAP in murine lung cancer and colon cancer models resulted in decreased myo-
fibroblasts, decreased vessel density, and inhibited tumor growth [130]. Another
study that targeted FAP in a colon cancer model showed inhibition of primary tumor
and inhibition of metastases [131]. In addition, the enzymatic activity of FAP, a
peptidase, was used to target a protoxin activation at sites of reactive stroma in
mammary and prostate cancer xenograft models, resulting in inhibited tumor growth
in both models [132].

Considerable progress has been made in attempts to use the homing of MSCs to
sites of injury or disease as a therapeutic approach. However, there are many vari-
ables and strategies in the preparation and evaluation method used to investigate this
as a therapeutic approach [133]. The first study to use MSC cell homing to tumors
focused on delivering an MSC-expressing tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), and resulted in apoptosis of cancer cells, reduced tumor
growth, and reduced metastases [134, 135]. A similar study using a pancreatic can-
cer model showed the combined targeting of cancer cells with X-linked inhibitor of
apoptosis protein (XIAP) and using TRAIL-expressing MSCs resulted in remission
of tumors with greatly decreased metastases [136]. Together, these studies suggest
that a combined therapeutic approach, which targets the cancer cells as well as the
reactive stroma biology, and the use of stromal cells, which can be recruited to
tumors as a method of delivery, may be useful approaches from which to build novel
therapies.

How the targeting of reactive stroma could be used therapeutically for metastasis
is not yet clear. Little is understood about the mechanisms by which reactive stroma
in primary tumors affects the rate or patterns of metastasis. In addition, little is
understood about the induction, cell types of origin, and biology of reactive stroma
that forms in metastatic sites, as these too could be therapeutic targets. It is under-
stood that bone is a rich source of growth factors and cytokines in metastatic cancer
[137-139], and the biology of these factors could be targets. Prostate cancer cell
lines that metastasize to bone induce MSCs to express factors, e.g., osteoprotegerin,
that are pro-osteoblastic [140]. Whether these processes influence the evolution of
metastases to bone or whether they could be used therapeutically are not yet
understood.

Summary and Future Directions

We now understand more about the mechanisms that regulate reactive stroma induc-
tion and biology during cancer progression. In order to survive, cancer cells imple-
ment a complicated cascade of signaling mechanisms whereby reactive stroma from
multiple cell types of origin is recruited. The interactions between these cells and
immune components, vasculature and nerves, along with carcinoma cells ensue,
which coevolve in heterogeneous patterns, with a net predictable biology that shares
fundamental principles with wound repair. Reactive stroma cells appear to be
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recruited from multiple sources including local stem/progenitors, local fibroblasts,
and vascular-associated cells, and from circulating, marrow-derived MSC progeni-
tors. The recruitment and activation of myofibroblasts and CAFs are multifactorial
and complex. The heterogeneity of the reactive stromal cell types and their responses
to key growth factors such as TGF- is important, yet not well understood. How the
biology of these reactive stromal cells affects tumor progression and metastasis is
presently a very active area of research. It is likely that the multitude of mechanisms
that regulate and mediate reactive stroma biology within the tumor microenviron-
ment is even more complicated than the mechanisms that directly regulate cancer
cell growth and metastasis. However, it is also likely that most, if not all, reactive
stromal cells are genomically stable and, hence, their biology may be more predict-
able. It follows that owing to the stability and predictability, this biology may be
more amenable to therapeutic targeting. Future directions should be directed to
understanding the fundamental mechanisms of how reactive stroma regulates repair
processes to return tissues to normal homeostasis. Since this biology is important
for many other homeostasis processes, including wound repair, fibrosis, inflamma-
tion, immune surveillance, and angiogenesis, it is important to understand specific
mechanisms. These mechanisms will likely be useful in new therapeutic approaches
for disorders in addition to cancer.
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Chapter 3
The Role of Cholesterol in Prostate Cancer

Keith R. Solomon, Kristine Pelton, and Michael R. Freeman

Abstract Recent epidemiological and preclinical studies have shown that the
steroidal lipid cholesterol is a clinically relevant therapeutic target in prostate can-
cer. This review summarizes the findings from human studies, as well as from ani-
mal models and cell biology approaches, which suggest that high circulating
cholesterol can increase the risk of aggressive prostate cancer, while pharmacologi-
cal cholesterol lowering may be protective against incident or advanced disease. A
variety of molecular processes are described that have been implicated experimen-
tally in this protective scenario or are otherwise plausibly connected. There is now
sufficient experimental and observational evidence in humans to prospectively
apply cholesterol-targeting strategies in selected patients to inhibit prostate cancer
progression to the metastatic form of the disease.

Introduction

Prostate cancer (PC) is the second most common cause of cancer-related death in
North American men [1]. Most cases of PC diagnosed in developed countries are
successfully treated with surgery or other modalities; however, there are no success-
ful treatments for advanced PC, particularly when the “hormone-insensitive”
castration-resistant phenotype (CRPC) emerges following androgen deprivation ther-
apy (ADT). One possible means to improve clinical outcomes would be to identify
preventive strategies that reduce PC incidence or delay progression to CRPC.
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PCrisk is affected by germline genomic variations that are not fully characterized
[2-6] and revealed in the different disease rates that correlate with family history
and ethnic origin [7-9]. Environmental factors play a major role. The most robust
evidence of environmental effects is seen with rapid increases in PC incidence in
migrants from poor to more developed countries [10—13]. Diet is thought to be a
primary basis for geographical variations in PC risk [14—18]. The relevant dietary
components are debated, but include hormones, estrogenic compounds, animal
products, carcinogens, excess caloric intake, as well as high levels of fat and
cholesterol.

Cholesterol is a steroidal lipid that is an essential component of animal cells and
makes up about one-third of the lipid content of the plasma membrane [19, 20]. Its
unique steroid chemistry exerts dynamic control over membrane structure and fluid-
ity [19]. Due to its relative ease of oxidation, cholesterol is cytotoxic at high concen-
trations and is an essential precursor in the biosynthesis of steroidal hormones.
Thus, cellular cholesterol content is carefully regulated, even in the face of wide
fluctuations in serum cholesterol, by a variety of homeostatic mechanisms, includ-
ing regulated uptake, synthesis, conversion to esters, bile acids and steroid hor-
mones, as well as efflux from the cell [21-25]. Because of the complexities of this
regulatory network, all cells are potentially vulnerable to disruptions in homeostatic
control over cholesterol metabolism [26, 27].

A comprehensive consideration of the recent and historical literature supports
the hypothesis that circulating and membrane cholesterol plays an important role in
disease progression in PC. In the following pages we present these new data in the
context of the older literature and discuss several molecular mechanisms that may
account for observations in humans.

Epidemiologic Studies

A number of human studies provide support for the assertion that cholesterol plays
a role in PC formation or progression: large population studies of the relationship
between cholesterol and disease, observational studies of cholesterol and PC inci-
dence, observational studies of cholesterol-lowering drugs and PC incidence and
severity, and randomized trials of cholesterol-lowering drugs that report on cancer
rates.

Most large population studies considering overall disease incidence, mortality,
and cholesterol level published in the latter twentieth century do not consider PC in
the analysis. Our calculation of the total number of PC cases in the combined litera-
ture from 1980 to 2000 is only 1,652 [28-35]. We have reviewed these reports previ-
ously and concluded that, when considered as a whole, they suggest a possible,
modest association between low cholesterol and increased PC risk. Such an associa-
tion is likely to result from the effects of pre-existing cancer, which can lower circu-
lating cholesterol levels [36] (more on this point below). A more recent report,
Kitahara et al. [37], describes a large prospective study in Korea that collected data
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on 756,604 men and included 2,490 PC cases. This study found that the 329 men in
the highest quintile of total cholesterol (=240 mg/dL) had increased PC risk [HR
1.24 95 % CI (1.07-1.44), p-trend=0.001] in comparison to the 366 men in the low-
est quintile (<160 mg/dL).

Most of the studies cited above include limited numbers of PC patients, were
generally of short duration, and typically did not report on late stage disease (except
with respect to death). In contrast, a number of studies that specifically address the
potential association between serum cholesterol and PC have large patient cohorts,
many cases of advanced disease, and stratify disease by grade, thus permitting a
more thorough analysis. The Asia Pacific Cohort Studies Collaboration 2007 [38]
found a statistically insignificant larger number of deaths in the population with
highest cholesterol, while Thompson and colleagues [39] observed no cholesterol—
PC association (n=100). In contrast, using case-control analysis of men in the
Health Professionals Follow-up Study, Platz et al. [40] demonstrated that patients
(n=698) with low cholesterol had a reduced risk of high-grade PC [OR 0.61 95 %
CI (0.39-0.98)]. In an independent study, the same group [41] examined 1,251 inci-
dent PC and found that men with cholesterol <200 mg/dL had reduced risk of high-
grade disease. Mondul et al. [42] examined 438 incident PC and reported that men
with cholesterol >240 mg/dL were at higher risk of developing high-grade disease
than men with cholesterol <240 mg/dL. Hemelrijck et al. [43] analyzed 200,660
men of which 5,112 developed PC and found no cholesterol-PC association.
However, in a subsequent report, this group [44] found that after eliminating the
initial 3 years of follow-up, high density lipoprotein (HDL) was inversely associ-
ated with PC risk [HR 0.79 95 % CI (0.68-0.92), p-trend=0.003], when comparing
the highest (>63.8 mg/dL) to the lowest (<43.7 mg/dL) cohort of patient HDL levels
using quartile analysis. Additionally, they observed that increased total cholesterol
(TC)/HDL lipid ratios of >5.45 were associated with increased PC risk [HR 1.26
95 % CI (1.07-1.49), p-trend=0.005] when compared to ratios of <3.44. Moreover,
LDL (low density lipoprotein)/HDL ratios of >3.70 were found to be associated
with increased risk in comparison to ratios <2.11 [HR 1.21 95 % CI (1.03-1.41),
p-trend=0.026]. Batty et al. [45], in a study that included 578 PC deaths, report a
greater number of cancer deaths in the highest cholesterol tertile. Farwell et al. [46]
demonstrated a significant relationship between total serum cholesterol and PC risk
with a 204 % increased risk of high-grade PC [HR 3.04 95 % CI (1.65-5.60)] and
45 % increased overall risk of total PC [HR 1.45 95 % CI (1.07-1.97)] for patients
in the highest quartile of total cholesterol (>237 mg/dL) in comparison to the lowest
(<176 mg/dL). Shafique and colleagues [47] in a study including 650 men who
developed PC found that cholesterol level was positively associated with the inci-
dence of cancer with a Gleason score >8. In adjusted analysis, the association was
largest [HR 2.28 95 % CI (1.27-4.10)] when the second highest cholesterol quin-
tile (235.9-258.7 mg/dL) was compared to the first (<195.3 mg/dL). Using the
Alpha-Tocopherol Beta-Carotene Cancer Prevention study cohort, Mondul et al.
[48] examined a population of smokers including 2,041 who developed PC.
These authors observed, after excluding the first 10 years of follow-up, that men
with higher total cholesterol (=240 vs. <200 mg/dL) were at increased risk
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of advanced cancer [HR 1.85 95 % CI (1.13-3.03), p-trend=0.05] and overall PC
[HR 1.22 95 % CI (1.03-1.44), p-trend=0.01]. Furthermore, in a comparison of
men in the lowest to men with the highest quintile of total cholesterol/HDL ratios,
there was a greater risk of advanced [HR 1.44 95 % CI (1.02-2.05)] and overall PC
[HR, 1.20 95 % CI (1.02—-1.41)]. In a prospective population-based study, Kok et al.
[49] examined 2,118 men who reported having never used cholesterol-lowering
drugs. Of the 43 PC cases, the adjusted analysis showed that higher LDL and total
cholesterol levels were significantly associated with an increased risk of overall as
well as advanced PC.

Although this literature is complex and somewhat contradictory, taken together
it suggests that men with hypercholesterolemia are at increased risk for PC or
aggressive disease.

Other epidemiologic data suggesting an association between cholesterol and PC
risk comes from studies of cholesterol-lowering drugs (primarily 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors), collectively
known as “statins” [50-62]. Statin drugs are used in medical practice to lower LDL
levels and improve cardiovascular health. Statins inhibit the rate-limiting step in
cholesterol biosynthesis in the liver and consequently reduce circulating cholesterol
levels. Because statins interfere with an early step in cholesterol synthesis, they also
reduce the production of upstream synthetic intermediates. Much of the activity of
these agents seen in vitro can be attributed to a reduction in these non-cholesterol
compounds. Statins act principally on the liver in humans, and most of their pleio-
tropic effects can be ascribed to the consequences of cholesterol lowering [36, 63].
We have argued from the known pharmacology and pharmacokinetics of statins that
they are unlikely to accumulate in the prostate in sufficient concentrations for long
enough periods of time to exert sustained local effects [36, 63]. The most plausible
cause of effects on the prostate is in the potent cholesterol-lowering activity of
statins; consequently, studies examining statins and PC risk are actually addressing
the effect of cholesterol lowering on disease incidence or severity.

Platz et al. [59] analyzed potential statin drug effects specifically on PC in a large
cohort that included 2,579 PCa cases and 316 cases of advanced disease. The
adjusted relative risk of CRPC among statin users was 0.51 95 % CI (0.30-0.86) and
of metastatic or fatal disease was 0.39 95 % CI (0.19-0.77) for statin users vs. non-
users. These investigators also showed that the risk of advanced disease was lower
with prolonged statin use. In contrast to the analysis of advanced disease, Platz et al.
reported no association between statin usage and overall PC risk. Additional studies
from several independent groups [54, 57-59] in large part supported the conclusion
that statins reduce aggressive PC risk.

Despite a few inconsistencies in the literature [64—66], with two investigations
reporting no association between PC risk and statin use [64, 65], one study showing
a positive association [66] and another reporting that statin users had lower 5-year
biochemical recurrence-free survival [67], a number of reports in the last several
years reinforce the conclusion that statins can protect against PC.

Tan et al. [68] performed a study of 4,204 men who underwent prostate biopsy
and showed that men who took statins (24.3 % of the total) were not as likely to test
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positive on a digital rectal examination (5.3 vs. 8.9 %, OR 0.7, p<0.01) and less
likely to have high volume PC (27.2 vs. 31.4 %, p<0.01) or a Gleason score >7
(61.4vs.72.4 %, OR 0.78, p=0.02). Adjusted analysis demonstrated that statin use
at any time decreased incidence [RR 0.92 95 % CI (0.85-0.98)] and high-grade PC
[RR 0.76, 95 % CI (0.67-0.85)]. Patients with >5 years of statin use also had a
decreased incidence of high-grade PC [RR 0.75 95 % CI (0.53-0.94)] in compari-
son to those who never used a statin.

A retrospective study by Mondul et al. [69] of 2,399 men who underwent prosta-
tectomy showed that men taking statins were more likely to have organ-confined
disease [OR 0.66 95 % CI (0.50-0.85)]. Moreover, the 16 % of men taking statins
with a preoperative PSA >10 ng/ml [OR 0.35 95 % CI (0.13-0.93), p=0.02] were
also less likely to have high-grade PC. Patients who used statins for >1 year also had
lower risk of recurrence compared to nonusers [HR 0.77 95 % CI (0.41-1.42)].

Breau et al. [60], using a population-based group of 2,447 men who were fol-
lowed from 1990 to 2007, found that the 634 men on statins had a decreased risk of
PC diagnosis [HR 0.36 95 % CI (0.25-0.53)] and high-grade PC [HR 0.25 95 % CI
(0.11-0.58)]. Patients taking statins were also at decreased risk of undergoing pros-
tate biopsy [HR 0.31 95 % CI (0.24-0.40)]. Furthermore, men using statins for the
greatest period of time had the lowest risk of these outcomes (all trend tests p <0.05).

Kollmeier and colleagues [70] in a retrospective study examined 1,681 patients
treated for PC with radiotherapy between 1995 and 2007, of which 382 subjects were
taking a statin. The 5- and 8-year PSA relapse-free survival (PRFS) rates for statin
users were 89 and 80 %, in comparison to 83 and 74 % for those not taking a statin
(»=0.002). In a multivariate analysis, taking a statin was associated with improved
PRFS [HR 0.69 95 % CI (0.50-0.97), p=0.03]. Moreover, in examining patients diag-
nosed in a high risk group, Kollmeier et al. demonstrated that statin users exhibited
improved PRFS [HR 0.52 95 % CI (0.30-0.91), p=0.02] in comparison to those not
on a statin. Statin use was not associated with improved metastasis-free survival.

Using a cohort of 55,875 men in the US veterans population who were followed
from 1997 to 2007, Farwell et al. [46] reported that statin users were 31 % less
likely [HR 0.69 95 % CI (0.52-0.90)] to be diagnosed with PC in comparison with
men taking antihypertensive medication. In addition, patients taking statins were
60 % less likely [HR 0.40 95 % CI (0.24-0.65)] to be diagnosed with high-grade PC
and 14 % less likely [HR 0.86 95 % CI (0.62—1.20)] to be diagnosed with low-grade
PC. This report is notable because the patient cohorts were well controlled for medi-
cal attention and access to medical care. A confounding problem in interpreting
observational studies is whether there is an extraneous difference between the
statin-taking vs. not-taking patient cohorts. One alternative explanation for some of
the results is that statin users have greater access to health care or are more invested
in their health (more “health seeking”). In these cases, cancer might be diagnosed
earlier, resulting in a greater incidence of early stage disease. Because the two
groups compared in the Farwell et al. study were plausibly equally health seeking,
this confounder may not apply.

Alizadeh et al. [71] analyzed a group which included 381 patients treated with
either radiotherapy or brachytherapy for low-risk (n=152), intermediate-risk
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(n=142), or high-risk (n=87) localized PC. 45.1 % were taking statins, 37.0 %
were taking anticoagulants (AC), and 27.6 % were taking both. Exclusive users of
statins compared with users of neither drug class had a lower adjusted odds ratio
[OR 0.29 95 % CI (0.09-0.88), p=0.03] of having a PSA level >20 ng/mL. In addi-
tion, concomitant AC and statin use was associated with a reduced likelihood of a
PSA level >20 ng/mL and an increased likelihood of a PSA <10 ng/ml. Similarly,
exclusive statin use was associated with a greater probability of having a PSA level
<10 ng/mL [OR 2.9 95 % CI (1.3-6.8), p=0.012]. Although these investigators
found no association with low-risk localized PC (p=0.3), they reported a significant
effect between the concomitant use of statins and ACs with high-risk localized PC
[OR 0.43 95 % CI, (0.21-0.87), p=0.02].

A study by Marcella et al. [72] including 379 cases and controls in which PC was
the cause of death showed in adjusted analysis a decrease in PC deaths among statin
users compared to age-matched controls [OR 0.45 95 % CI (0.29-0.71), p=0.0006].
Further analysis demonstrated that high-potency statins (cerivastatin, atorvastatin,
and simvastatin) were associated with a significant risk reduction [OR 0.27 95 % CI
(0.15-0.48), p<0.0001], while low-potency statins (pravastatin, lovastatin, and flu-
vastatin) were associated with a risk reduction that did not reach significance [OR
0.69 95 % CI (0.33-1.45)].

In summary, observational studies of the effects of statin drugs on PC risk, which
included substantial numbers of subjects, largely support the hypothesis that statins
reduce advanced PC risk.

Recent reports that have focused on PC indicate that prolonged statin therapy
may have a chemopreventive effect against aggressive PC, while large randomized
trials of statin drugs that report on overall cancer (including PC) do not support this
conclusion [73-75]. We have reviewed extensively the literature on randomized tri-
als and have cited several concerns about the all-cancer studies: their relatively brief
duration, few PC cases, lack of recording the grade or stage of the cancer, large
crossover of patients from control to statin groups (and vice versa) due to usual care
requirements or toxicity, and the over-representation of pravastatin, the least potent
of the statins, to reveal why these studies cannot be conclusive with respect to statin
use and PC risk [36, 63, 76].

Preclinical Studies

The initial evidence that pharmacological reduction of cholesterol levels systemi-
cally altered prostate cell growth and/or survival was first reported by Schaffner and
colleagues [77]. These investigators demonstrated that they could induce prostate
regression in preclinical models by oral administration of hypocholesteremic agents
(e.g., the polyene macrolide candicidin) [77] (reviewed in [78]). However, further
progress on a role for cholesterol in PC incidence and progression in animal models
stalled for a long period until studies by Zhuang et al. [79] and Solomon et al. [80]
sparked renewed interest. Using the LNCaP xenograft model, hypercholesterolemia
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was shown to increase rates of growth of subcutaneous prostatic tumors, whereas
hypocholesterolemia retarded tumor growth. In these studies, hypercholesterolemia
was associated with increased tumor cell proliferation, higher levels of activated
Akt (a critical kinase in PC progression), as well as increased levels of intratumoral
androgen [79-81]. Other groups have used spontaneous PC models and have come
to similar conclusions. In the autochthonous TRAMP mouse model [82], hypercho-
lesteremia was shown to result in increased prostate tumor volume, tumor inci-
dence, and metastases to the lung. These tumors exhibited increased proliferation,
angiogenesis, expression of cyclin D1, and expression of scavenger receptor class B
type 1(SR-B1). Taken together, these reports suggest that circulating cholesterol
affects a range of signaling pathways and physiologic mechanisms, findings that
have the potential to explain the clinical observations in humans described above.

Cholesterol-Sensitive Mechanisms in Prostate Cancer Progression

There are a number of possible mechanisms by which excess cholesterol could
affect responses by malignant cells, including the ability to provoke inflammatory
responses as well as having important effects on membrane organization, cell pro-
liferation, and steroidogenesis. All of these processes could be relevant to PC pro-
gression. Here we briefly outline the evidence for some of the potential
mechanisms.

Inflammation

The pathological consequence of hypercholesterolemia in humans is prominently
observed in the formation of atherosclerotic lesions, with elevated LDL levels
resulting in the accumulation of LDL particles in the arterial intima, where they are
enzymatically modified, becoming inflammatory agonists [83]. Accumulation of
these deposits over time induces the inflammatory and pathological changes that are
the hallmarks of atherosclerosis. Clinical consequences of atherosclerosis can be
reversed 20—40 % by prolonged treatment with statins [84], where risk reduction is
proportional to the extent of LDL lowering. These and other data have identified
cholesterol, and its synthetic products (e.g., cholesteryl esters), as important media-
tors of inflammation within the cardiovascular system [83].

About 20 % of human cancers are thought to develop as a consequence of chronic
inflammatory or infectious conditions [85]. Increasing evidence now links patho-
logic or premalignant changes in the prostate, including PC, with inflammation
[86]. Human CD4+ and CD8+ T cells recognize antigenic determinants in the PSA
protein [87], suggesting that prostatic secretory products, may result in autoimmu-
nity. IL-6 and IL-8, inflammatory mediators, are also mitogens for prostate cells
[88, 89], hinting at a potential role for inflammatory components in disrupting pros-
tate tissue homeostasis by altering the balance between cell growth and death.
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Foci of epithelial atrophy in human prostate tissues are accompanied by
inflammatory infiltrates, a condition described as “proliferative inflammatory atro-
phy” (PIA) [86]. Transitions between zones of PIA, or proliferative atrophy without
inflammatory infiltrate, and high-grade prostatic intraepithelial neoplasia (PIN)
have been described [86]. Inflammatory processes preceding neoplastic changes are
also noted in preclinical models. For example, neonatal estrogen imprinting of the
prostate causes lobe-specific inflammation, hyperplasia, and PIN-like lesions in
adult animals [90]. Investigations into PC susceptibility loci have identified a num-
ber of genes involved in immunity, including RNASEL [91], MSR1 [92], and TLR4
[93]. Other loci involved in inflammation have also been associated with increased
PC risk [93, 94]. In total, although the data are incomplete, these observations sug-
gest that the prostate is susceptible to several types of inflammatory disruptions that
can result in pathology, with cholesterol potentially contributing to sustained inflam-
mation. This also points to the intriguing possibility that the action of statins on PC
might be accounted for by the drugs’ anti-inflammatory activity [95]. However,
cholesterol promotes PC progression in immunodeficient preclinical models, sug-
gesting that inflammation alone is unlikely to explain the PC—cholesterol associa-
tion [79-81].

Membrane Organization

Experimentation into the biophysical properties of the plasma membrane, of the
behavior of glycosylphosphatidylinositol (GPI)-anchored proteins in membranes,
of membrane organelles termed caveolae, and of intracellular transport processes
provides evidence for the existence of a distinct type of cholesterol rich-membrane
microdomain typically referred to as the lipid raft [96—-116]. These membrane
regions contain high concentrations of cholesterol and fatty acids with long satu-
rated acyl chains (e.g., sphingolipids), relative to other plasma membrane domains.
The acyl chain composition of the lipids is a major determinant of lipid segregation
into rafts, with cholesterol providing structural order to the lipid bilayer. At high
concentrations, the tight packing of these components confers structure onto the
liquid-ordered phase, and these membrane patches are physically separable from
the liquid-disordered membrane using biochemical methods [117, 118].

Lipid rafts are small heterogeneous membrane domains consisting of choles-
terol, sphingolipids, and glycolipids. They variably contain cohorts of (GPI)-
anchored proteins, src family kinases, G proteins, and other components [107, 116,
119-127]. Many studies suggest that lipid rafts, as discrete domains within the
“lipid sea,” serve as privileged sites for certain types of cell signaling, signal path-
way cross-talk, and signal amplification [98, 118, 123, 128-136].

Our current understanding of lipid rafts is incomplete, and certain earlier ideas
about rafts have given way to subsequent concepts [137-142]. For example, results
of single molecule tracking studies have suggested that the large stable raft domains
that were once thought possible are unlikely to exist [139, 143, 144]. Consistent
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with these findings, we have argued that rafts are small and heterogeneous but are
subject to alteration in size and composition as a consequence of specific
perturbations (e.g., excess cholesterol) [107, 119—121]. This paradigm fits with
even the most critical reports concerning lipid raft form and function and is in fact
essential to understanding how excess cholesterol may affect cellular behavior.

Signals vital to PC cell survival and progression are transmitted through rafts.
Studies [145-148] have demonstrated that some proteins, which are critical for
malignancy, are regulated by lipid rafts and that alteration in membrane cholesterol
affects in measurable ways the signals generated by these molecules. A subpopula-
tion of epidermal growth factor receptor (EGFR) residing within PC cell lipid rafts
exhibits greater activity and is more highly phosphorylated than the receptor popu-
lation residing in non-raft membranes. Moreover, signaling by the EGFR to down-
stream effectors is disrupted by cholesterol targeting [148, 149]. In addition, a
subpopulation of the serine—threonine kinase Akt, resident within rafts, phosphory-
lates a different set of substrates than non-raft Akt. This raft-resident Akt is inhib-
ited by cholesterol level reduction [145]. Signaling by LXRs (liver X receptors)
leads to PC cell apoptosis by reducing the level of phosphorylated Akt within rafts,
in a process precipitated by LXR-stimulated cholesterol efflux and reversed with the
addition of exogenous cholesterol. Taken together these observations suggest that
cholesterol regulates lipid raft dynamics, which in turn alters vital signaling path-
ways, with increased cholesterol acting to protect cells from apoptosis through
effects on lipid rafts [150].

Cell Proliferation

Cholesterol has been known for many years to effect the proliferation of animal
cells [151-153], with cholesterol synthesis tightly synchronized to cell cycle pro-
gression [152]. Research aimed at determining a specific effect of cholesterol on
cell cycle transit have shown that reducing cholesterol levels through synthesis-
blockades causes cells to growth arrest [154]. Whether low cholesterol leads to
growth arrest because the material for membrane synthesis becomes limiting or
because of a more specific regulatory role is unclear. However, present observations
suggest that cholesterol plays an essential role in cell cycle progression in animal
cells. In several species, absence of the principal membrane sterol causes growth
arrest despite the availability of sufficient amounts of a related, membrane-
compatible sterol (e.g., replacement of cholesterol with ergosterol). In these cases,
a small amount of native sterol, insufficient for membrane synthesis, is necessary to
restore cell cycle progression [155—158].

The rapid growth and high metabolic rate of malignant cells necessitates large
amounts of cholesterol, which is distinct from that involved in regulating cell cycle
transit. Interestingly, so much cholesterol may be required to sustain a growing
neoplasm that cancer is able to lower serum cholesterol. Examples of this phenom-
enon include Sherwin et al. who reported that men developing cancer had a
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22.7-mg/dL decrease in their cholesterol levels vs. matched survivors [159]; and
Keys et al. who found that men who died of cancer within 2 years of the study’s
initiation had cholesterol levels 9.5 % lower than the average of all men at entry
[160]; men dying from cancer 1 year after their final cholesterol measurement had
concentrations that were 24—35 mg/dL lower than controls (i.e., those not dying);
those succumbing 2-5 years after cholesterol measure had levels 4-5 mg/dL lower
than controls; and those succumbing to cancer 6—10 years after cholesterol measure
had concentrations 2 mg/dL lower than controls [161]. Cancer may reduce circulat-
ing cholesterol levels because of increased rates of metabolism, a phenomenon
related to the Warburg effect [162—164], in which an abundance of macromolecules
is needed by the tumor cells to support rapid growth. Prior to the advent of the statin
era it was thought that hypocholesterolemia was a potential risk factor for cancer,
but this notion has since been abandoned [36]. Because of the essential role of cho-
lesterol in tumor cell proliferation, cholesterol lowering may induce apoptosis in PC
cells as they progress through the cell cycle [165].

Steroidogenesis

Prostate tumor cells respond to androgens via the androgen receptor (AR), a nuclear
receptor, a transcription factor that controls PC cell proliferation in all cancer stages,
including castration-resistant disease [166—168]. In the last few years multiple lines
of evidence have converged on the hypothesis that PC cells perform intratumoral
steroidogenesis (androgen synthesis) [169—171] at sufficient levels to activate the
AR, explaining, in part, the development of castration resistance. Androgen-
depleted PC cells have the capacity to synthesize dihydrotestosterone (DHT) from
acetic acid, revealing that the entire mevalonate—steroidogenic pathway is function-
ally intact [169]. All enzymes necessary for testosterone and DHT synthesis are
present in human primary and metastatic PC [171], implying that de novo steroido-
genesis may be an essential mechanism of disease progression in the hormone-
repressed state.

Cholesterol is a necessary precursor in androgen synthesis and therefore may
promote PC growth through effects on steroidogenesis. To test this possibility we
used the in vivo LNCaP PC xenograft mouse model and diet-induced hypo- and
hypercholesterolemia to demonstrate that circulating cholesterol levels are signifi-
cantly associated with both tumor size (R=0.3957, p=0.0049) as well as intratu-
moral levels of testosterone (R=0.41, p=0.0023) [81]. We also demonstrated that
the xenograft tumors expressed the full spectrum of steroidogenic enzymes neces-
sary for androgen biosynthesis from cholesterol. Circulating cholesterol concentra-
tions in the mice correlated directly with prostatic tumor expression of CYP17A, an
enzyme required for de novo synthesis of androgens from cholesterol (R=0.4073,
p=0.025) [81]. This result suggests that cholesterol acts not only as an essential
precursor but also as a pathway agonist, stimulating the upregulation of steroidogenic
gene expression.
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Conclusions

Epidemiological observations and preclinical models suggest that hypercholesterol-
emia plays an important role in PC progression, with many human and mechanistic
studies now supporting roles for cholesterol in PC progression and for cholesterol-
lowering drugs in retarding PC growth. Cholesterol functions as a mediator of cell
proliferation, membrane dynamics, inflammation, and steroidogenesis, thus provid-
ing multiple avenues for this lipid to contribute to the clinical disease.

At this point the scientific basis for therapeutically targeting cholesterol is robust
enough to pursue clinical strategies that exploit the relationship between cholesterol
and PC in select patient populations. One such approach would be to recommend
enhanced cholesterol lowering for chemoprevention in at-risk populations. It is also
possible that in the next decade we will witness the use of cholesterol-lowering regi-
mens as adjuvant therapy to treat existing PC in order to slow progression and/or
render the cancer more susceptible to conventional therapies. It may even be possi-
ble to more effectively treat CRPC by applying multiple approaches that target ste-
roidogenesis, such as using abiraterone, a CYP17 inhibitor that suppresses androgen
synthesis, with a cholesterol-lowering regimen. We suggest that sufficient mecha-
nistic and human data are now available to support the application of these strate-
gies clinically in the case of patients managed by active surveillance and to test the
feasibility of using cholesterol-targeting strategies to slow disease progression.
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Chapter 4
PTEN in Prostate Cancer

Marcus A. Ruscetti and Hong Wu

Abstract PTEN is one of the most commonly deleted/mutated tumor suppressor
genes in human prostate cancer. As a lipid phosphatase and negative regulator of the
PI3K/AKT/mTOR pathway, PTEN controls a number of cellular processes, includ-
ing survival, growth, proliferation, metabolism, migration, and cellular architecture.
Over the past 15 years since its discovery, a number of mechanisms governing
PTEN expression and function, including transcriptional and post-transcriptional
regulation, post-translational modifications, and protein—protein interactions, have
been shown to be altered in human prostate cancer. The functions of PTEN within
the cell have been expanded to include phosphatase-independent roles and functions
within the nucleus. The generation of genetically engineered mouse models (GEMs)
with deletion of Pten has further revealed that varying degrees of Pten loss in com-
bination with other genetic alterations are able to recapitulate all spectrums of
human prostate cancer, from tumor initiation to metastasis. With new methods of
genomic and transcriptional analysis of human prostate cancer specimens, PTEN
loss can potentially be used as a diagnostic and prognostic biomarker for prostate
cancer, as well as predict patient responses to emerging PI3K/AKT/mTOR inhibi-
tors. Finally, deeper insight into communication between the PI3K/AKT/mTOR
and Ras/MAPK signaling pathways has led to the creation of metastatic murine
prostate cancer models that develop lethal metastases, while new understanding of
a feedback loop between PTEN and androgen receptor (AR) controlled pathways
has unveiled a new mechanism for the development of castration-resistant prostate
cancer (CRPC). Our expanded knowledge of PTEN and its role in prostate cancer
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initiation and progression will inform the rational design of novel therapeutics that
target PTEN-controlled pathways alone or in combination with other related path-
ways for the treatment of metastatic and castration-resistant prostate cancer.

Introduction

Although partial or complete loss of chromosome 10 in brain, bladder, and prostate
cancers was identified as early as 1984 [1], it was not until 1997 that three indepen-
dent groups, through mapping of mutations on chromosome 10 and cloning of a
novel phosphatase, identified a tumor suppressor gene at the 10g23.31 locus named
by different laboratories as the phosphatase and zensin homolog (PTEN), mutated in
multiple advanced cancers 1 (MMACI), and TGF-B-regulated and epithelial cell-
enriched phosphatase 1 (TEP1) [2—4]. PTEN is a nonredundant phosphatase that
antagonizes the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway, one
of the most important and well-studied cancer promoting pathways. As PTEN is the
only known 3’ phosphatase counteracting the PI3K/AKT pathway, it is not unex-
pected that loss of PTEN has a significant impact on prostate cancer progression.
Indeed, loss of heterozygosity (LOH) of PTEN occurs frequently in many advanced
stage sporadic tumors, including ~60 % of advanced prostate cancers [2]. Germline
PTEN gene mutations account for the majority (80 %) of cases of Cowden
Syndrome, an autosomal dominant multiple hamartoma syndrome that leads to an
increased propensity for patients to develop breast [5], endometrial [5, 6], and thy-
roid cancers [7-9]. However, prostate cancer has not been associated with Cowden
Syndrome and germline PTEN loss [10, 11], perhaps providing credence to the
understanding that loss of PTEN is a late event in prostate carcinogenesis [12, 13].
In this chapter, we will review PTEN structure, function, and regulation. The
consequences of loss of PTEN regulation and function in different stages of prostate
cancer development, as well as the potential use of PTEN loss as a biomarker for
prostate cancer prognosis and prediction of patient responses to PI3K/AKT/mTOR
pathway inhibitors, will also be addressed. Due to space limitations, some important
topics, such as the role of PTEN in prostate stem cell/cancer stem cell maintenance
and crosstalk with the tumor microenvironment, cannot be covered. However, these
topics have been covered extensively by several outstanding reviews [14—17].

PTEN Structure and Function

PTEN Structure

The PTEN gene comprises nine exons and encodes a protein of 403 amino acids
[18]. The amino acid sequence of the PTEN tumor suppressor is considerably
homologous to dual-specific protein phosphatases and tensin, a chicken cytoskeletal
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protein [2]. The crystal structure of PTEN revealed an expanded active site pocket
for binding to its substrates and a C2 domain, which mediates membrane attach-
ment of cell signaling proteins. Three other functional domains have also been iden-
tified: a short phosphatidylinositol-4,5-bisphosphate (PIP2) binding domain on the
N terminus, and PEST sequences and a PDZ interaction motif on the C-terminal tail
that regulate protein stability and binding to PDZ domain-containing proteins,
respectively [19]. The binding of PIP2 to PTEN produces a conformational change
in the enzyme, leading to allosteric activation [20]. The positive charge of PTEN’s
substrate binding pocket is also important for accommodating larger acidic sub-
strates such as phosphoinositides. The PTEN phosphatase domain is evolutionarily
conserved, and is the recipient of 40 % of its cancer-associated mutations, which
occur most commonly through either a C124S mutation that abolishes both lipid
and protein phosphatase activity or a G129E mutation that abrogates only its lipid
phosphatase activity [21-23]. Although the phosphatase domain is responsible for
PTEN’s physiological activity, other PTEN tumorigenic mutations occur on the
C-terminal C2 domain and tail sequence, highlighting an important role of the C
terminus in maintaining PTEN protein stability [24, 25]. The fact that tumor-
associated mutations occur in all PTEN functional domains indicates that each of
these regions is biologically relevant to PTEN function. In prostate cancer, PTEN
loss most commonly results from a somatic mutation generated through copy num-
ber loss rather than point mutation [26], although recent exome sequencing has
identified several recurrent mutations in the PTEN gene [27, 28].

PTEN and Regulation of the PI3K/AKT/mTOR Pathway

PI3K/AKT signaling plays a critical role in regulating growth responses, homeosta-
sis, and longevity. At the cellular level, the PI3K/AKT pathway controls cell growth,
migration, differentiation, and survival. Activation of the PI3K/AKT pathway is
also frequently detected in human cancers [29]. PTEN is a unique lipid phosphatase
that removes the phosphate from the D3 position of phosphatidylinositol-3,4,5-
triphosphate (PIP3), a product of PI3K, thus directly antagonizing the action of
PI3K [23, 30, 31]. PIP3 accumulation at the plasma membrane through PI3K activ-
ity results in recruitment and activation of important kinases involved in cell growth
and survival, including phosphoinositide-dependent kinase-1 (PDK1) and AKT
family members, via their pleckstrin homology (PH) domains [23, 30, 31]. In this
manner, PTEN negatively regulates the PI3K/AKT pathway by inhibiting down-
stream AKT activation.

AKT isoforms (AKT1, AKT2, AKT3) are activated by phosphorylation at two
different residues: Thr308 by PDKI1 [32] and Ser473 by mammalian target of
rapamycin complex 2 (mTORC?2) [33]. Activated AKT drives cell survival, prolif-
eration, growth, angiogenesis, and metabolism by phosphorylating downstream sig-
naling proteins, which include inhibitory phosphorylation of GSK3f, FOXO, BAD,
p21, p27, and PGCl1, and activating phosphorylation of mammalian target of
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rapamycin complex 1 (mTORCI1), IKK-, MDM2, ENTPDS, SREBP1C, AS160,
and SKP2 [33, 34]. AKT promotes cell cycle progression and proliferation by
directly inhibiting p21 and p27 and alleviating GSK3p-induced cyclin D1 degrada-
tion. Moreover, inhibition of GSK3p has been shown to prevent the degradation of
B-catenin, which can further stabilize cyclin D1 mRNA and promote G, -phase/
S-phase progression [34, 35]. Activation of AKT also helps evade apoptosis directly
by phosphorylation of the pro-apoptotic protein BAD [36]. In this regard, it is not
surprising that re-expression of WT PTEN in PTEN null prostate cancer cell lines
leads to apoptosis [37].

AKT directly activates the mTOR pathway by phosphorylating TSC2, which
dismantles the TSC1/TSC2 complex that normally inhibits Rheb. Rheb, now free
from TSC1/TSC2 inhibition, can stimulate the phosphotransferase activity of
mTORCI [38]. AKT may also activate mMTORC1 by phosphorylating and inhibiting
PRAS40, a negative regulatory subunit of the mMTORC1 complex [33, 39]. Active
mTORC1 phosphorylates p70 ribosomal protein S6 kinase (S6K) and 4E-binding
protein (4EBP1), which in turn initiates cap-dependent protein translation [40].
Therefore, as a consequence of PTEN inactivation, PI3K/AKT/mTOR pathway
activation leads to enhanced translation of mRNAs involved in protein synthesis,
cell growth, and proliferation.

Interestingly, mTORCI signaling also triggers a negative feedback loop that
inhibits the PI3K/AKT pathway. This occurs through the phosphorylation and deg-
radation of insulin receptor substrate 1 (IRS1), a crucial effector of insulin signal-
ing, by S6K [41, 42]. Conversely, inhibition of mTORCI results in hyperactivation
of the PI3K/AKT pathway, as well as increased signaling through the Ras/MAPK
pathway. The growth factor receptor GRB10 is a novel mTORCI substrate that
mediates feedback inhibition of the PI3K/AKT and Ras/MAPK pathways by direct
inhibition of IRS proteins [43, 44]. In contrast, PTEN loss can reverse mTORCI1-
mediated negative feedback inhibition of the PI3K/AKT/mTOR pathway by activat-
ing both the upstream and downstream arms of the PI3K/AKT/mTOR pathway.
Therefore, effective inhibition of tumors with PTEN loss will require inhibition of
both mTORCI1 and other signaling molecules upstream in the pathway, including
PI3K and AKT.

PTEN and Metabolism

Recent studies have suggested that metabolic reprogramming is a requirement for
the rapid cell proliferation of cancer cells. As opposed to differentiated and nonpro-
liferating cells, which primarily utilize mitochondrial oxidative phosphorylation to
generate the ATP needed for cellular processes, rapidly proliferating cells, including
stem cells and cancer cells, tend to convert most glucose to lactate, even in the pres-
ence of oxygen, through aerobic glycolysis and a phenomenon known as the
Warburg effect [45]. In this way, cancer cells exhibit high rates of glycolysis with
increased glucose and glutamine uptake and lactate production, as well as increased
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biosynthesis of lipids, amino acids, and nucleic acids, macromolecules that are
needed to compensate for anabolic growth [46].

The PI3K/AKT pathway plays a key role in the regulation of glucose metabo-
lism given its position downstream of the insulin receptor. The PI3K/AKT path-
way enhances insulin-mediated glucose uptake and membrane translocation of the
glucose transporter GLUT1, which has been positively correlated with higher
tumor grades and Gleason scores [47], by way of mTORCI activation and cap-
dependent translation [48], and GLUT4, by way of inhibition of AS160 [49]. As
PI3K/AKT signaling leads to increased production of HIF1a [50, 51], a transcrip-
tion factor that regulates the transcription of the Gluz-1 gene [52], it is likely that
both the PI3K/AKT pathway and HIF1a activation contribute to higher levels of
GLUTI1 and enhanced glucose uptake [53]. Increased HIFla expression also
upregulates expression of vascular endothelial growth factor (VEGF), a potent
stimulator of angiogenesis that may further promote tumor metabolism by facili-
tating access to nutrients in the blood [54]. Conversely, stimulation of the PI3K/
AKT pathway blocks gluconeogenesis by preventing both FOXO and PGCla acti-
vation [55, 56]. AKT may indirectly activate glycolysis as well by directly phos-
phorylating PKF2, whose product, Fru-1,6-P2, is a potent allosteric activator of the
glycolysis rate-controlling enzyme PFK1 [32, 57]. A recent study using siRNA-
mediated gene silencing in metastatic prostate cancer cell lines revealed that
PFKFB4, an isoform of PFK2 that is required for glycolysis, is essential for sur-
vival of prostate tumor cells and that ablation of PFKFB4 inhibits tumor growth in
a xenograft model [58].

In comparison to other epithelial cancers, primary prostate cancers are less gly-
colytic and, therefore, not sensitive to FDG-PET imaging until reaching the meta-
static stage [59, 60]. On the other hand, prostate cancer is known to be lipogenic,
and C-11-acetate and F18-choline have been used, although in limited scale, in
prostate cancer imaging [59, 61]. Recent studies suggest that the PI3K/AKT path-
way can regulate lipid metabolism as well to further promote anabolic growth
through the Warburg effect. Upon PTEN loss and through inhibition of GSK3, the
PI3K/AKT axis activates the transcription factor SREBP1C, which in turn tran-
scribes genes involved in cholesterol and fatty acid biosynthesis [62, 63]. PTEN has
also been shown to regulate the synthesis of long chain saturated fatty acids by
inducing the downregulation of fatty acid synthase (FAS), a lipogenic enzyme over-
expressed in many human cancers, including prostate cancer, in a lipid phosphatase-
dependent manner [64]. Therefore, PTEN loss in prostate cancer cells may increase
FAS protein expression, which is elevated in tumors with a poor prognosis [65].
Collectively, these data indicate that both upstream and downstream components of
the PTEN regulated PI3K/AKT/mTOR pathway are involved in the metabolic
reprogramming required to sustain the rapid growth and proliferation of tumor cells
by (1) increasing glucose metabolism via aerobic glycolysis and (2) promoting
macromolecule biosynthesis via lipogenesis.

The recent creation of a mouse model with global PTEN overexpression, the
“Super-PTEN” model, has demonstrated that PTEN elevation at the organism level
results in diminished glucose and glutamine uptake and increased mitochondrial
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oxidative phosphorylation, resulting in a reversion to a more healthy metabolism
[66]. PTEN elevation in this model coordinates this metabolic shift by negatively
regulating both PI3K/AKT-dependent pathways, such as mTORC1 activation of
PKM2, a controller of glycolytic flux [67], and PI3K/AKT-independent pathways,
such as degradation of PFKFB3, a key regulator of glycolysis [68], through APC/
Cdhl activation [66]. Interestingly, these “Super-PTEN” mutants are resistant to
oncogenic transformation, demonstrating that inhibition of the metabolic repro-
gramming to aerobic glycolysis through PTEN expression or inactivation of the
PI3K/AKT pathway may be sufficient to obstruct tumor propagation [66]. These
outcomes suggest that PTEN overexpression may indeed be an attractive option for
cancer prevention and therapy.

PTEN in the Nucleus

It was initially assumed that PTEN is exclusively localized in the cytoplasm.
However, following the discovery that PTEN contains dual nuclear localization
signal-like sequences [69], it has been well recognized that PTEN can localize to the
nucleus, and recent studies have illustrated the important functions of nuclear PTEN
in regulating cell cycle progression and genomic integrity. Indeed, not only is there
a marked reduction in nuclear PTEN in rapidly cycling cancer cell lines in compari-
son to resting or differentiated cells [70-73], but absence of nuclear PTEN has also
been associated with reduced overall survival in prostate cancer patients [74].

Oxidative stress is one of the physiological stimuli that regulate the accumula-
tion of nuclear PTEN [75]. Oxidative stress inhibits PTEN nuclear export, a process
dependent on phosphorylation at Ser380. Nuclear PTEN, independent of its phos-
phatase activity, can regulate p53 stability and transcriptional activity [76, 77], lead-
ing to p53-mediated G, growth arrest, cell death, and reduction of reactive oxygen
species (ROS) production [75]. Nuclear PTEN is also sufficient to reduce human
prostate cancer xenograft growth in vivo in a p53-dependent manner [75], suggest-
ing a unique role of nuclear PTEN to arrest and protect cells following oxidative
damage and to regulate prostate cancer development.

Nuclear PIP3, unlike cytoplasmic PIP3, is insensitive to the lipid phosphatase
activity of PTEN, implying nuclear functions for PTEN beyond its role as a negative
regulator of the PI3K/AKT pathway [78]. This, however, is at odds with another
finding that forced nuclear expression of PTEN can reduce nuclear levels of P-AKT,
although it was not demonstrated whether this mechanism occurred through a PI3K-
dependent or -independent pathway [79]. One proposed function of PTEN in the
nucleus is to induce G, cell cycle arrest in part by reducing cyclin D1 levels through
its protein phosphatase activity [80] or through controlling MAPK signaling [81].
Nuclear PTEN maintains chromosomal stability by physically associating with cen-
tromeres through docking onto CENP-C, a centromeric-binding protein [82].
Moreover, nuclear PTEN, through a phosphatase-independent mechanism, enhances
DNA repair through increasing the activity of RADS51, a protein implicated in
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double strand break (DSB) repair [82]. Not surprisingly, PTEN-null cells develop
spontaneous DNA DSBs at a high rate [82]. Cytoplasmic PTEN can also contribute
to DSB repair by inhibiting AKT-dependent sequestration of the cell cycle regulator
CHKI in the cytoplasm [83]. In this fashion, PTEN helps to maintain the G,/S cell
cycle checkpoint and likewise prevents genomic instability and DSBs. As PTEN
loss leads to homologous recombination defects in human tumor cells through
downregulation of RAD51 and CHKI1 in the nucleus, tumor cells display increased
sensitivity to inhibitors of PARP [84—86]. These findings provide evidence for the
use of PARP inhibitors in patients with PTEN-deficient prostate cancer. However, a
recent study of clinical prostate cancer specimens suggests that PTEN loss is not
associated with reduced RADS51 mRNA or protein expression in primary prostate
cancer, and that PTEN-deficient cells only exhibit mild sensitivity to PARP inhibi-
tion, casting doubt on whether PTEN is a useful biomarker for response to PARP
inhibitors in prostate cancer [87].

Nuclear PTEN directly increases the antitumor and E3 ligase activity of APC/C
through a phosphatase-independent mechanism by promoting the association of
APC/C with its activator CDH1 [88]. The APC/C-CDHI1 complex contains tumor
suppressive activities that degrade oncogenic proteins such as PLK1 and Aurora
kinases [89, 90]. In this regard, combining PLK and Aurora kinase inhibitors with
PI3K/AKT inhibitors may provide increased efficacy in treating PTEN-deficient
prostate cancer. Altogether, these findings suggest that the tumor suppressive func-
tions of PTEN are in part due to its functions within the nucleus. New insights into
the regulation of PTEN subcellular localization and the functions of PTEN in the
nucleus may shed light on novel biomarkers and therapeutics for the treatment of
prostate cancer.

PI3K/AKT/mTOR-Independent Functions of PTEN

Although most phenotypes associated with PTEN loss can be accounted for by the
activation of the PI3K/AKT pathway, transgenic models with prostate-specific
overexpression of p110p or a constitutively active form of AKT develop only local-
ized, precancerous PIN lesions, suggesting that PTEN possesses other tumor sup-
pressor functions independent of the PI3K/AKT pathway [91-93]. Similarly, while
conditional deletion of p/10f or Rictor, in addition to Pten conditional deletion,
prevents the progression of tumor development from PIN to adenocarcinoma, they
do not completely prevent prostate cancer initiation [94, 95].

One example of a PI3K/AKT/mTOR-independent mechanism of PTEN regula-
tion is the interaction between PTEN and p53 [96]. PTEN inactivation is known to
increase the expression [97] and activation of the p53 repressor MDM?2 [98] by a
PI3K/AKT-dependent pathway [99] and upregulate p53 through translational mech-
anisms mediated by mTORC1 [100, 101]. The PTEN C2 domain, which lacks phos-
phatase activity, can also regulate cell motility [102] and, interestingly, can interact
directly with p53 in a phosphatase-independent manner to enhance p53-mediated
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cell cycle arrest and apoptosis by promoting the stabilization, acetylation, and
tetramerization of p53 [75, 76, 103]. Conversely, pS3 can also regulate PTEN at the
transcription level [104]. In the Pten-null mouse model, deletion of p53 accelerates
Pten-null prostate cancer by reducing cellular senescence [105]. Concomitant muta-
tions of PTEN and p53 have been detected within individual human tumors, sup-
porting a selective advantage for combined inactivation of both tumor suppressors.
However, whether the cooperation of PTEN and p53 loss in overriding cellular
senescence promotes human prostate cancer progression needs to be further
investigated.

PTEN can also regulate the expression of other tumor suppressors whose func-
tions are commonly lost as an early event in prostate cancer initiation, such as
Nkx3.1 [106]. Not only is Nkx3.1 expression downregulated in the PTEN-null
murine prostate cancer model, but forced expression of Nkx3.1 in the PTEN-null
prostate epithelium prevents prostate cancer initiation and progression [106].
Moreover, while a transcriptional profiling study has indicated that the JNK path-
way is activated following PTEN loss in an AKT-independent manner [107], a
recent report elucidated that JNK deficiency collaborates with PTEN loss in pro-
moting CRPC [108].

Though the lipid phosphatase activity of PTEN is central to its role as a tumor
suppressor, other, phosphatase-independent functions of PTEN are also important.
PTEN is a dual-specificity protein phosphatase with activity toward acidic sub-
strates. PTEN 1is capable of dephosphorylating phosphorylated serine, threonine,
and tyrosine residues on peptide substrates in vitro [109], as well as protein sub-
strates such as FAK [110], CREB [111], eIF2 [112], and SRC [113] in vivo, thereby
directly inhibiting cell survival, proliferation, and migration. The activation of these
PI3K/AKT-independent pathways after PTEN loss suggests that combining PI3K/
AKT inhibitors with inhibitors of these other pathways may improve efficacy in
treating patients with PTEN-deficient prostate cancer.

PTEN Regulation

Genetic Regulation

Germline PTEN mutations do not predispose men to prostate cancer [10, 11].
However, the 10g23 gene locus is a frequent target for somatic heterozygous dele-
tion in primary, and, more frequently, in metastatic prostate tumors, where loss of
heterozygosity (LOH) is found in 20-60 % of tumors [114]. However, the finding
that the rate of PTEN LOH and mutations are far less frequent than the detected rate
of PTEN loss at the protein level suggests that other, nongenomic alterations may
occur that inactivate the second PTEN allele.
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Epigenetic Regulation by DNA Methylation

Supporting its important physiological functions, PTEN is constitutively expressed
in normal tissues, including infant and adult human prostates. However, PTEN
expression can be downregulated on many levels in various physiological settings.
Epigenetic inactivation of the PTEN promoter has been described in prostate cancer
xenografts, where loss of PTEN protein is a result of promoter methylation [115];
however, this has yet to be shown in primary prostate cancer specimens. Additionally,
the zinc-finger transcription factor SALL4 represses PTEN transcription in embry-
onic stem cells by recruiting an epigenetic repressor complex called the Mi-2/NuRD
complex to the PTEN locus [116]. Despite these discoveries, epigenetic silencing of
PTEN in prostate cancer has not been demonstrated in the in vivo and clinical
setting.

Transcriptional Regulation

Suppression of PTEN transcription may have an important and understated role in
prostate cancer initiation and progression. PTEN was originally cloned as a gene
transcriptionally regulated by transforming growth factor  (TGFp) [4], which both
suppresses and induces PTEN expression depending on the activation status of the
Ras/MAPK pathway. When Ras/MAPK is activated, as is common in aggressive,
late stage disease, TGFp suppresses PTEN expression through a Smad4-independent
pathway [117]. Alternatively, when the Ras/MAPK pathway is blocked, TGFp
induces PTEN expression through its canonical Smad-dependent pathway [118].
The Ras/MAPK pathway also suppresses PTEN levels through the transcription
factor c-Jun [119]. Moreover, the MEK-JNK pathway suppresses PTEN transcrip-
tion via activation of NF-kB, which directly binds to and suppresses the PTEN
promoter [120]. Expression of PTEN is also negatively regulated by the epithelial-
to-mesenchymal transition (EMT) transcription factor SNAIL, which is itself acti-
vated by PI3K/AKT and RAS/MAPK pathways [121-123]. SNAIL competes for
binding to the PTEN promoter with p53, which is a transcriptional activator of
PTEN and leads to activation of PTEN transcription during p53-mediated apoptosis
[96]. Activated NOTCHI1 both positively and negatively regulates PTEN expression
through MYC and CBF1, respectively [124, 125]. PTEN transcription can also be
upregulated through several other transcription factors, including PPARy [126] and
EGRI [127], as well as downregulated by BMI1 [128], which regulates prostate
stem cell self-renewal and malignant transformation [129]. All in all, transcriptional
control of PTEN lies within a network of tumor suppressors and oncogenes control-
ling various signaling and development programs within normal and cancerous
prostate cells.
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Post-transcriptional Regulation

PTEN mRNA is also post-transcriptionally regulated by PTEN-targeting microR-
NAs (miRNAs), a class of endogenous 20-25 nucleotide noncoding RNAs that
repress mRNA translation through imperfect base pairing between the seed sequence
of the miRNA and the complementary seed match sequence in the 3’ untranslated
region of the target mRNA [130]. A number of miRNAs have been reported to pro-
mote tumorigenesis by downregulating PTEN expression. For example, miR-22 and
the miR-106b-25 cluster, both PTEN targeting miRNA loci, are aberrantly overex-
pressed in human prostate cancer and are capable of initiating prostate tumorigen-
esis in vitro and in vivo [131]. The identification of these and other prospective
PTEN-targeting miRNAs in serum of prostate cancer patients may be valuable as
surrogate markers for PTEN status, and hence could correlate with both disease
progression and the potential efficacy of PI3K/AKT inhibitor treatment.

In a newly emerging field of research, the PTEN pseudogene 1 (PTENP1) was
found to influence PTEN expression through a coding-independent function, uncov-
ering a new mechanism of gene regulation [132]. Since the PTENP1 mRNA tran-
script shares vast homology with PTEN mRNA, PTENP1 acts as a decoy for
PTEN-targeting miRNASs and can thereby sequester and inhibit the negative regula-
tory effects of miRNAs on PTEN expression [14]. PTENP1 can, therefore, be con-
sidered a competing endogenous RNA or ceRNA. Recent research has uncovered a
large network of ceRNA transcripts in prostate cancer that can control PTEN
expression by blocking the action of PTEN-targeting miRNAs. These discoveries
fortify the existence of a large and complex PTEN tumor suppressor network that
can be regulated by coding and noncoding RNAs and can be used to explain the
observance of partial or incomplete PTEN inactivation in human prostate cancer
[133-135].

Post-translational Regulation

PTEN stability is regulated by various post-translational modifications. When inacti-
vated, PTEN is phosphorylated at various serine and threonine residues on its
C-terminal tail, which, in turn, increases PTEN stability [136—138]. This C-terminal
phosphorylation results in a more stable yet “closed” state of PTEN, which reduces
its plasma membrane localization [139] and its ability to form a complex with PDZ
domain-containing proteins [138], thereby reducing its PIP3 lipid phosphatase activ-
ity [140-142]. As PTEN is activated, dephosphorylation of its C-terminal tail opens
its phosphatase domain, increasing PTEN activity and enhancing its interactions with
binding partners, but in turn making PTEN increasingly unstable [143]. Also located
in the C-terminal tail, Ser370 can be phosphorylated by a downstream effector of
SRC, CK2 [144], while Thr366 appears to be phosphorylated by GSK3p [145];
however, the function of phosphorylation at these sites still remains unclear [146].
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The targeting of PTEN to the plasma membrane can also be orchestrated through
phosphorylation at Ser 229 and Thr321 on its C2 domain by the protein kinase ROCK
[147-149]. Tyr336 of PTEN can also be phosphorylated by RAK, which can act as a
tumor suppressor in its own right by regulating PTEN stability and function [150].
Future research may unveil other known and unknown kinases that are capable of
phosphorylating PTEN and thereby regulate specific PTEN functions.

The open state of PTEN is also more prone to ubiquitin-mediated proteasomal
degradation. Lys13 and Lys289 are conserved sites for PTEN ubiquitination, and
monoubiquitination is necessary for the movement of PTEN from the cytoplasm to
the nucleus [79]. NEDD4-1 is a recently identified E3 ligase of PTEN that induces
both PTEN mono- and poly-ubiquitination [151]. However, NEDD4-1 knockout
mice contain no differences in the expression level and subcellular localization of
PTEN, hinting that other E3 ligases may be involved in the regulation and localiza-
tion of PTEN [152]. Along these lines, two other E3 ligases, XIAP and WWP2,
have been proposed to mediate PTEN ubiquitination [153, 154].

Similar to other phosphatases, the cysteine residues in the bottom of the PTEN
catalytic pocket are very sensitive to oxidation [155]. The catalytic activity of PTEN
is attenuated by reactive oxygen species (ROS) through the development of a disul-
phide bond between Cys71 and Cys124 that is induced during oxidative stress [156,
157]. Furthermore, PTEN can also be acetylated at Lys125 through Lys128 by
PCAF and at Lys402 by CBP, inhibiting its catalytic activity while facilitating inter-
actions with PDZ domain-containing proteins [158]. Finally, other forms of PTEN
redox regulation have been suggested by research demonstrating the inactivation of
PTEN through nitrosylation of cysteine residues in its phosphatase domain [159].
Together, these findings highlight the potential to manipulate mechanisms of PTEN
post-translational modifications for use as therapeutics to enhance the tumor sup-
pressive functions of PTEN.

Protein—Protein Interactions

A number of PTEN interacting proteins regulate the tumor suppressive abilities of
PTEN by altering its conformation, stability, and subcellular localization. PTEN
contains a 3 amino acid C-terminal region that binds to PDZ domain-containing
proteins, and these PDZ domains are involved in multiprotein complex assembly
[137, 160]. Indeed, the PDZ domain of PTEN mediates interactions with NHREF,
which binds to and recruits PTEN to PDGFR to inhibit the activation of the PI3K—
AKT pathway [161]. The PTEN PDZ-binding domain binds to several other pro-
teins, including MAGI-2 and MAST205, which appear to enhance the stabilization
of PTEN [160, 162, 163]. As PTEN can be found in high molecular mass complexes
through size-exclusion chromatography, it was hypothesized that the PDZ-binding
domain may be required for such complex formation [164]. However, mutagenesis
studies demonstrated that neither PTEN’s catalytic activity nor its PDZ binding
domain are absolutely required for its complex formation. Instead, PTEN
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phosphorylation status has a significant role in its complex assembly [165]. Using
two-dimensional gel electrophoresis and mass spectrometry analysis, hnRNPC was
identified as a novel PTEN-interacting protein [165]. Indeed, PTEN and hnRNPC
are colocalized in the nucleus and may be involved in RNA regulation [165, 166].

Additional proteins are capable of binding to other domains on the PTEN protein.
PICT-1 interacts with PTEN by binding to and promoting phosphorylation of the
C-terminal tail, conferring PTEN stabilization [167]. Through a yeast two-hybrid
screen, P-arrestin was identified as a PTEN-binding partner, binding to PTEN’s C2
domain [168]. When PTEN is dephosphorylated at Thr383, this increases the bind-
ing affinity of B-arrestin to PTEN, which in turn allows PTEN to negatively regulate
cell proliferation through its lipid phosphatase activity, as well as enhance cell
migration by reversing the inhibitory effect of the C2 domain [168]. Furthermore,
PTEN can directly interact with the regulatory subunit of PI3K, p85, which increases
its lipid phosphatase activity and subsequent capability of downregulating the PI3K—
AKT pathway [141, 169]. Therefore, p85 can regulate the PI3K/AKT pathway by
both negatively regulating PI3K through direct binding to its catalytic subunit, p110,
and by positively regulating PTEN activity. Under oxidative stress conditions, DJ-1,
which was identified in Drosophila melanogaster, can also directly bind to PTEN, an
action that is associated with increased P-AKT levels [170, 171]. Recent screens
have identified novel PTEN regulators, including PREX2a [172] and SIPL1 [173],
which bind to PTEN directly and inhibit its phosphatase activity against PIP3.
MANZ2CI1 also binds to PTEN and inhibits its function in both prostate cancer cell
lines and primary human prostate tumors [174]. Intriguingly, one study found that,
of 60 % of primary human prostate tumors that were PTEN-positive, 80 % displayed
overexpression of MAN2CI1, uncovering a possible new mechanism of PTEN down-
regulation without genomic loss of PTEN [174]. Despite the discovery of various
PTEN protein-binding partners, further investigation is necessary to understand the
physiological and clinical relevance of these interactions.

Subcellular Localization

The function of PTEN is also regulated by its subcellular localization. At the plasma
membrane, PTEN can regulate directional chemotaxis. PTEN recruitment to the
plasma membrane relies on electrostatic interactions with acidic lipids in the mem-
brane, such as phosphatidylserine, PIP2, PIP3, and phosphatidic acid [175], as well
as additional protein—protein interactions [143, 176]. PTEN interacts with several
membrane-anchored proteins in its dephosphorylated form, including MAGI-2
[160], MAST205 [162], hDLG [138], MVP [177], and PDGFR and NHERF [161],
which are thought to be potentially part of a larger PTEN complex, via its C-terminal
PDZ domain. NEP has been shown to recruit PTEN to the plasma membrane, which
in turn enhances its catalytic activity and subsequently hinders AKT activity [178].
Similarly, the motor protein myosin V regulates the migration of PTEN to the
membrane by directly binding to PTEN [179].
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PTEN is predominantly localized to the nucleus in differentiated and resting
cells in comparison to rapidly cycling cancer cells [72]. The nuclear localization of
PTEN is also dependent upon the cell cycle stage, with nuclear PTEN levels highest
at the G, phase and lowest at the S phase [71]. While some studies have shown that
PTEN nuclear localization is dependent upon noncanonical nuclear localization
sequences on PTEN and major vault protein-mediated nuclear transport [69], others
have shown that nuclear localization of PTEN occurs through passive diffusion
through the nuclear membrane [180]. It has been further suggested that PTEN con-
tains a type of cytoplasmic localization signal (CLS) in its N-terminal region that,
when mutated, induces the nuclear import of PTEN [181]. Other so-called nuclear
exclusion motifs and NLS sequences have been identified that control PTEN local-
ization through a RAN-dependent mechanism [182]; however, how they regulate
the shuttling of PTEN between the nucleus and the cytoplasm is not understood.
More conclusively, PTEN monoubiquitination by the E3 ligase NEDD4-1 induces
the nuclear localization of PTEN [151], while the deubiquitinase HAUSP controls
PTEN deubiquitination and nuclear exclusion [183]. Oxidative stress induces the
accumulation of PTEN in the nucleus, where it associates with p53 to trigger cell
cycle arrest and reduce ROS [75]. Nevertheless, mechanisms involved in the nuclear
export of PTEN are still waiting to be uncovered. The use of models utilizing PTEN
proteins with mutations that disrupt PTEN localization but maintain PTEN phos-
phatase activity may provide new understandings into the role of nuclear PTEN.

PTEN Loss as a Biomarker for Human Prostate Cancer

Despite recent and past findings firmly establishing loss of PTEN as one of the most
common somatic genetic alterations in prostate cancer, prostate cancer specimens
are not routinely screened for PTEN loss in the clinical setting. Fluorescence in situ
hybridization (FISH) has been used to identify genomic PTEN loss, which is found
in 9-23 % of high-grade prostatic intraepithelial neoplasia (PIN) lesions [184, 185]
and 10-70 % of prostate cancers [12, 13, 186—190], and is correlated with an overall
poor prognosis [26, 74, 190-193]. Loss of PTEN expression in the cytoplasm as
well as in the nucleus, as determined by FISH and immunohistochemistry (IHC)
analysis, is independently associated with decreased disease-specific survival
[74, 194]. Part of the reason for these variations may be due to the subjective nature
and tediousness of counting the number of fluorescent signals and positive antibody
stains relative to control signals and stains to quantify PTEN expression. FISH anal-
ysis also lacks the sensitivity to identify minor mutations/perturbations in the PTEN
gene locus, as well as other epigenetic and post-transcriptional changes that may
influence PTEN expression [13, 195]. Moreover, current research, through the use
of “break apart” FISH technology, has revealed that gross chromosomal rearrange-
ments of the PTEN locus occur in prostate cancer, which could very well explain the
absence of PTEN expression in tumors designated as harboring genomic loss of
only one PTEN allele using conventional single probe FISH [196].
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Despite discrepancies in reported rates of genomic PTEN loss, a general finding
of these studies is that loss of one PTEN allele is significantly more frequent than
loss of both PTEN alleles, although homozygous deletions are associated with
advanced disease and metastasis [197, 198]. Haploinsufficiency for PTEN, as well
as inactivation of the second PTEN allele through nongenomic alterations, may
explain why heterozygous PTEN deletions outnumber homozygous PTEN deletions
in human prostate cancer and also result in poor outcomes [184, 190, 199]. Indeed,
nearly 70 % of primary human prostate tumors do not contain inactivation of both
copies of PTEN [105]. In terms of disease progression, the frequency of PTEN loss
is higher in surgical cohorts enriched for high Gleason grades and aggressive dis-
ease stages [192]. PTEN loss is more common in hormone refractory and metastatic
prostate cancer than in hormone-dependent primary tumors, with homozygous
PTEN loss in 10 and 50 % of hormone-dependent and metastatic/hormone refrac-
tory cases, respectively [74, 184, 185, 189-191, 193, 200, 201]. Therefore, PTEN
could serve as a prognostic marker for hormone refractory and metastatic disease.
PTEN genomic loss is also associated with the TMPRSS2-ERG fusion [26, 185],
and recent reports have concluded that these events cooperate to stratify patients
with a poorer prognosis in the clinic [192]. A close association between PTEN loss
and therapeutic resistance, as demonstrated by a decreased time to biochemical
recurrence after radical prostatectomy, adjuvant docetaxel treatment, and radiother-
apy, has also been observed [74, 190, 191, 202, 203].

The possibility that FISH and other genomic analyses may fail to detect some
cases of PTEN inactivation calls for alternative methods to detect PTEN loss.
Considering the role of post-transcriptional and post-translational modifications in
PTEN protein expression and subcellular localization as discussed above, quantifi-
cation of PTEN protein levels using immunohistochemistry (IHC) may be a better
indicator of PTEN expression. In a recent study using a rabbit monoclonal antibody
against PTEN for IHC analysis, PTEN protein loss was detected in 75-86 % of
samples with genomic PTEN loss and was even discovered at times in the absence
of genomic PTEN loss [194]. Interestingly, 45 and 37 % of tumors with PTEN pro-
tein loss did not show genomic deletions measureable by FISH or SNP microarray
analysis, respectively, further suggesting that alternative mechanisms of PTEN inac-
tivation exist beyond the genomic level [194]. Moreover, IHC analysis has correlated
PTEN protein loss with high Gleason scores, as well as decreased time to metastasis
in a cohort of patients having undergone surgical resection [194]. Other studies
using large prostate cancer cohorts combining genomic analysis, through compara-
tive genomic hybridization (CGH) and whole-exome sequencing, and transcripto-
some analysis have uncovered frequent alterations of the PI3K/AKT pathway in
prostate cancer [26-28], which correlated with 42 and 100 % of human primary and
metastatic prostate cancer, respectively, as well as high-risk disease [26]. Using net-
work component analysis, 20 transcription factors have been identified whose activi-
ties, as deduced from their target gene expression, are immediately altered upon the
re-expression of PTEN in a PTEN-inducible system [204]. Notably, the activity of
these transcription factors can be used to predict PTEN functional status in human
prostate, breast, and brain tumor samples with increased reliability when compared
to basic expression-based analysis [204]. With improved mechanisms for detecting



4 PTEN in Prostate Cancer 101

PTEN functional status, PTEN loss could be used not only as a prognostic biomarker
for men with prostate cancer but also as a potential predictive marker to identify
patients who could benefit from emerging PI3K/AKT pathway therapies.

PTEN in Prostate Cancer Initiation, Progression,
CPRC, and Metastasis

Mouse Models of Prostate Cancer

Prostate cancer research has been limited, in part, by the lack of animal models that
develop spontaneous prostate tumors in a manner that mimics human prostate can-
cer. Mouse xenograft models reconstituted from primary human metastatic prostate
cancer cells and cell lines have been developed and used extensively in research as
preclinical models. However, these xenograft models cannot be used for studying
the underlying mechanisms involved in prostate cancer initiation and progression
since they are derived from late stage disease. Moreover, many of the key features
of the disease, especially the resident tumor microenvironment and the stromal and
immune cells that occupy it, are lacking in this immune incompetent system and,
therefore, engrafted tumors cannot recapitulate the whole spectrum of human pros-
tate cancer [205]. Genetically engineered mouse (GEM) models of prostate cancer
have advanced significantly over the past decade [206—210], and the strong implica-
tion of PTEN loss in prostate cancer progression in humans has prompted the
expansion of GEM models based on PTEN inactivation. Greater knowledge of the
role of PTEN loss as an individual and cooperative agent in prostate cancer develop-
ment, including initiation, progression and invasion, castration-resistant prostate
cancer (CRPC), and metastasis, has been uncovered using mouse models that reca-
pitulate the human disease through genetic loss of the murine homolog of the Pten
gene (Fig. 4.1).

PTEN Dosage in Mouse Models of Prostate Cancer

PTEN dosage appears to be an important determinant in the development of many
epithelial cancers, as demonstrated in various mouse models of Pten loss [211]. In
the prostate, a hypomorphic PTEN allele, which leads to ~20 % reduction of PTEN
levels, shows no sign of neoplastic lesions in the prostate epithelium, while condi-
tional or conventional deletion of one Pten allele causes a 50 % reduction of PTEN
levels and leads to precancerous PIN lesions but not cancer, indicating that inactiva-
tion of one allele of Pten is sufficient to initiate tumorigenesis but not tumor pro-
gression [76, 212-216]. Interestingly, by combining a hypomorphic allele with a
knockout allele, and thereby reducing PTEN levels by 70-80 %, these mice prog-
ress to invasive adenocarcinoma of the prostate [214], indicating that a more
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Fig. 4.1 Pten knockout mouse models of prostate cancer. Pten heterozygous (Pten*~) or homozy-
gous (Pten™") loss, alone or in combination with other pathway alterations, is able to recapitulate
all stages of human prostate cancer, including initiation (PIN), cancer progression/invasion, CRPC,
and metastasis. Studies in these murine models provide credence for the use of PI3K/AKT/mTOR,
AR, and Ras/MAPK inhibitors for the treatment of metastatic CRPC. In the figure, gray squares
represent luminal cells, while green ovals represent basal cells. Cx castration, PIN prostatic
intraepithelial neoplasia, LN lymph nodes, Mets metastases, WT wild type, CRPC castration-
resistant prostate cancer

profound downregulation of PTEN is needed for cancer progression to occur in the
prostate [217]. These findings counter the canonical “two-hit hypothesis” of cancer
and suggest that slight variations in PTEN expression, induced through genetic
alterations as well as nongenetic changes in PTEN expression, are able to recapitu-
late varying stages of prostate tumor initiation and progression [218]. Despite the
evidence for PTEN haplosufficiency in the mouse, evidence for this in humans still
remains to be determined.

Phenotypes Associated with Homozygous Deletion
of Pten in the Prostate Epithelium

A number of studies have been performed through the use of conditional mutants
with prostate-specific deletion of one or both Pten alleles [211, 213-215, 219-221].
Conditional homozygous Pten deletion (Pten™") driven by the PB-Cre4 promoter
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results in invasive adenocarcinoma in 100 % of mice at 9-12 weeks [215].
Importantly, the Pten™~ prostate cancer model mimics the course of human prostate
cancer formation, progressing from hyperplasia to PIN to invasive adenocarcinoma
with defined kinetics [215]. Interestingly, homozygous deletion of other tumor sup-
pressors in the murine prostate, including p53 [222], retinoblastoma (Rb) [223], and
Nkx3.1 [224], leads to PIN lesions but never an adenocarcinoma phenotype, solidi-
fying the importance of PTEN function in the prostate gland. Moreover, although
Pten-null tumors are initially responsive to androgen ablation, eventually mice will
develop CRPC, as is commonly seen in human prostate cancer [215]. Pten homozy-
gous deletion driven by other promoters in the mouse, including PSA®", MMTV",
and Nkx3.1¢°ERT2 also results in the development of invasive adenocarcinoma, albeit
over a longer latency [225-228].

Compound Pten Knockout Transgenic Mouse Models
of Prostate Cancer

Pten Loss Combined with Alterations in Other Tumor Suppressors

Several studies carried out with compound transgenic mice have shown that mono-
allelic or biallelic deletion of tumor suppressor genes such as Nkx3.7 [229, 230],
p27%P1 [231], and p53 [105] can cooperate with Pten loss in promoting prostate
cancer (Fig. 4.1). While loss of a single allele of Nkx3.1 [224, 232] and p27X®!
[233], both of which occurrences have been implicated in advanced stage prostate
cancer and poor disease-free survival in humans [234, 235], is sufficient to promote
prostate cancer initiation and PIN lesions, concomitant loss of Pten is needed to
promote prostate tumorigenesis and cancer progression [211, 230, 231, 236].
Moreover, while the TRAMP mouse model alone, which contains inactivation of
the p53 and Rb tumor suppressor genes through expression of the large/small SV40
tumor T antigens under the probasin promoter, is capable of inducing the develop-
ment of aggressive prostate tumors [209], loss of heterozygosity of Pten in TRAMP
mice demonstrated an increased rate of tumor development, with a subsequent
decrease in overall survival from 245 days to 159 days [237]. In the same way, con-
ditional ablation of one or two alleles of p53 leads to the development of PIN
lesions, while Pten™-;p537~ double mutants exhibit invasive prostate cancer as early
as 2 weeks after puberty that is invariably lethal by 7 months of age [105, 238].
Also, deletion of Smad4, a tumor suppressor known to regulate the TGF-f signaling
pathway, cooperates with Pten deletion in the prostate to enhance tumor cell prolif-
eration and drive invasion to produce fully penetrant prostate cancer and metastases
to the lymph nodes and lungs [239]. Finally, combining Pten and p53 loss with loss
of Smad4 or reactivation of murine telomerase (m7ert) produces prostate cancer
metastases in the bone [240], indicating that additional pathway alterations are nec-
essary to drive prostate tumor cells to form metastases in the microenvironment of
the bone, an important feature of human prostate cancer.
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Pten Loss Combined with Alterations in Oncogenes
and Oncogenic Signaling Pathways

Activation of oncogenes and oncogenic signaling pathways cooperates with PTEN
loss to promote invasive prostate cancer. In prostate cancer, the ERG gene is fre-
quently translocated to the TMPRSS2 promoter region, with the resulting TMPRSS2—
ERG fusion protein expressed in 50 % of human prostate cancer specimens
[241-243]. Whereas mice expressing TMPRSS2-ERGa under the control of the
ARR2Pb promoter only develop PIN lesions [242], this translocation collaborates
with Pten haplosufficiency to cause invasive adenocarcinoma of the prostate [244].
Similarly, cooperation between FGFS8b overexpression and Pten haplosufficiency in
a murine model leads to adenocarcinoma of the prostate, as well as lymph node
metastases, in comparison to FGF8b overexpression alone, which leads to only
hyperplastic and PIN lesions [245]. The 8q24 chromosomal region comprising the
MYC oncogene is somatically amplified in a cohort of advanced human prostate
tumors [246]. While mice engineered to express high levels of human c-Myc in the
prostate (PB-Cre4 Myc") develop invasive adenocarcinomas with 100 % penetrance
[247], focal expression of c-Myc specifically in luminal epithelial cells of the pros-
tate of mice (PB-Cre4 Z-Myc) results in only a mild pathology [248]. However,
when combined with deletion of Pten, PB-Cre4 Z-Myc mice develop high-grade
PIN and prostate cancer [248]. Although further investigation is needed to fully
understand the synergistic effect of c-Myc activation and Pten loss in prostate can-
cer, evidence from this study and others suggests that loss of Pren may have differ-
ential effects depending on the cell types and regions/lobes/zones of the prostate
where genetic deletion occurs. With the advent of cell type specific promoters in the
prostate, future murine models will be able to tease out the effects of PTEN loss in
specific cells in the prostate. For now, these models confirm that concomitant loss of
Pten and genetic activation of oncogenes such as ERG, FGF8b, and Myc accelerate
initiation and progression in human prostate cancer (Fig. 4.1).

Pten Loss Combined with Alterations in Inflammatory Pathway Regulators

Various lines of evidence suggest that chronic inflammation is linked to prostate
tumorigenesis [249-251]. Indeed, expression of specific cytokines can be used as a
prognostic indicator of biochemical recurrence in human prostate cancer [252]. One
of the most prevalent inflammatory mediators clearly implicated in prostate cancer
is IL-6, a cytokine that has not only been associated with tumor growth, prolifera-
tion, and angiogenesis in many cancers [253], but whose high levels in the circulat-
ing plasma of prostate cancer patients have also been correlated with advanced
stages of the disease, therapeutic resistance, and an overall poor prognosis [254].
Although the foremost effect of IL-6 is activation of the JAK/STAT3 pathway [255],
the PI3K/AKT pathway can also directly activate and phosphorylate STAT3 at
Ser727 [256], which induces metastatic behavior of prostate cancer cells both
in vitro and in vivo through stimulation of angiogenesis and suppression of



4 PTEN in Prostate Cancer 105

antitumor immune responses [257]. While transgenic mice that constitutively
express Stat3 under the control of the ARR2Pb promoter develop only PIN lesions,
when crossed with Pren*~ mice, the subsequent compound mutants develop inva-
sive prostate tumors [258].

Many inflammatory cytokines and chemokines promote tumor progression by
converging on and stimulating the IKK2/NF-kB signaling axis [259]. The main
function of IKK?2 is the phosphorylation of IkB molecules, which act as inhibitors
of NF-«xB, thus rendering them subject to degradation and allowing NF-xB to
remain activated. Constitutive activation of the transcription factor NF-xB in pros-
tate cancer has been correlated with disease progression [260], and inhibition of
NF-«kB activity in prostate cancer cells can suppress angiogenesis and subsequent
tumor invasion and metastasis by downregulating expression of downstream NF-«xB
targets such as VEGF and MMP9 [261]. Interestingly, while a mouse model con-
taining a constitutively active version of IKK?2 alone is insufficient in promoting
prostate tumorigenesis, in combination with heterozygous loss of Pten, IKK2 acti-
vation leads to an increase in tumor size, accompanied by increased inflammation
[262]. These studies demonstrate that inflammatory cytokines secreted from the
stromal microenvironment of the prostate cooperate with PTEN loss to drive epithe-
lial prostate tumor cells toward invasive disease.

PTEN and Tumor Cell Migration and Invasion

As demonstrated in various models of conditional Pten deletion in the prostate,
homozygous Pten loss leads to progression from PIN lesions to invasive adenocar-
cinoma, a process that requires disruption of the basement membrane and junctional
integrity in epithelial acinar structures to allow the invasion of tumor cells through
the surrounding basement membrane and into the stromal microenvironment
(Fig. 4.1). PTEN and PIP3 play conserved roles in the determination of cell polarity
in diverse cell types. From data first obtained in Dictyostelium discoideum [263—
266], a unicellular amoeba, and later from neutrophils undergoing chemotaxis [267,
268], enrichment of PIP3 at the leading edge of migrating cells and localization of
PTEN in the lateral and trailing edges of the cell has been observed. The PI3K path-
way also promotes membrane ruffling, cell motility, and cellular spreading through
downstream effectors such as RHO, RACI, and CDC42 [269]. Consequently,
forced expression of PTEN in tumor cell lines inhibits tumor cell invasiveness
in vitro and in xenografts in vivo through both phosphatase-dependent [110, 270]
and phosphatase-independent [102] mechanisms. In normal glandular development,
PTEN concentrates to the apical plasma membrane during epithelial morphogene-
sis, where it catalyzes the conversion PIP3 into PIP2, which recruits ANX2, CDC42,
and aPKC to the membrane to establish cellular polarity [271]. In this regard, loss
of PTEN expression may block the development of the apical surface and lumen of
epithelial structures. Therefore, activation of the PI3K/AKT pathway upon PTEN
loss may lead to the loss of epithelial features, and thereby increase the likelihood
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of cells developing the properties of increased motility and invasive capacity through
an epithelial-to-mesenchymal transition (EMT) [128]. In all, these findings raise the
possibility that the considerable increase in the PTEN mutation/deletion rate in met-
astatic tumors might result from a selective metastatic advantage acquired through
the loss of PTEN regulation of motility and invasion.

Pten Loss in Metastatic Prostate Cancer Mouse Models

It is clear from these models that Pten LOH is required for cancer progression and
invasive adenocarcinoma development. Although biallelic Pten deletion, alone or in
combination with homozygous deletion of p53 [105, 238], Nkx3.1 [230], or Smad4
[239] or activation of FGF8b [245], does lead to the occurrence of small microme-
tastases in the lymph nodes and lungs, it fails to produce significant metastatic bur-
den, particularly in the bone [215]. Therefore, other genetic alterations and signaling
pathway abnormalities must collaborate with activation of the PI3K/AKT pathway
to promote metastatic prostate cancer to the bone.

Although Ras mutations [272-274] and Ras fusion events [275] in prostate can-
cer are uncommon, strong evidence suggests that RassMAPK activation plays a
substantial role in human prostate cancer progression, particularly in metastasis and
CRPC development. Indeed, the Ras/Raf/MAPK pathway has been recently shown
to be altered in 43 and 90 % of primary and metastatic lesions, respectively [26].
P-MAPK levels, as assessed in tumor microarrays (TMAs) from human prostate
cancer samples, are significantly elevated in neo-adjuvant treated, recurrent, and
CRPC patients as compared to benign prostatic hyperplasia (BPH) specimens, cor-
responding with a significant reduction in PTEN expression [122]. These findings
have prompted the development of two recent murine models of prostate cancer that
combine homozygous Pten loss with activation of the Ras/Raf/MAPK pathway: the
PbCre; Pten™; Kras®?”* model [122], and the Nkx3.1°%*;Pten’; Braf*** model
[276]. In both models, activation of the MAPK pathway through either Braf or Kras
conditional overexpression resulted in overt macrometastases to the lymph nodes,
lungs, liver, and, importantly, the bone marrow, in around 30 % [276] and 100 %
[122] of cases, respectively. In the PbCre; Pten't; Kras®'*”* model, treatment with a
MEK inhibitor alone was able to fully ablate metastatic spread to the lungs and
other distant organs, implicating the RAS/RAF/MAPK pathway as a driver of
metastasis in Pten-deficient prostate cancer [122]. Interestingly, an EMT phenotype
is also observed at the primary tumor site in the PbCre, Pten™*; Kras®** model
[122]. As EMT has been postulated to play a critical role in the process of metasta-
sis [277], this new model provides a unique opportunity to study the impact of EMT
in prostate cancer metastasis in vivo in the context of Pten loss and RassMAPK
activation. With these novel metastatic models of prostate cancer, a better under-
standing of the contribution of PTEN to the metastatic cascade, including localized
invasion, intravasation into the blood stream, survival as circulating tumor cells
(CTCs), extravasation out of the blood stream, and metastatic seeding to distant
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organ sites, can be further uncovered. Overall, past and present murine models of
prostate cancer induced by Pten loss have demonstrated that loss of PTEN, to vary-
ing degrees and in combination with other genetic alterations, can recapitulate the
entire spectrum of prostate cancer, from initiation (heterozygous Pten loss), through
progression (homozygous Pten loss), and, finally, to metastasis (homozygous Pten
loss and Ras/MAPK activation) (Fig. 4.1).

PTEN and CRPC

Androgens are indispensable for prostatic glandular development and homeostasis
and contribute to prostate cancer development through activation of the androgen
receptor (AR). Androgen deprivation therapy remains the most common treatment
for advanced prostate cancer. However, therapeutic effects are short lived, and
patients usually succumb to CRPC within 18-24 months, leaving the disease essen-
tially untreatable [278]. New generation androgen deprivation therapies (ADTs),
such as abiraterone [279] and MDV3100 [280], that more effectively ablate androgen
production and AR signaling, are rapidly being developed and approved for patients
with metastatic CRPC. Similar to human prostate cancers, while castration initially
results in massive apoptosis of the prostate epithelium in the Pten-null murine model
of prostate cancer, the ki67 proliferation index remains constant, indicating that a
select population of cells remains resistant to androgen withdrawal [215].

AR is expressed in CRPC and may function through autocrine signaling or cross-
talk with other prosurvival and proliferation pathways [281, 282], including the
PI3K/AKT pathway, which has been shown to induce AR expression in the absence
of PTEN [283-285]. Multiple studies have found an association between the loss of
PTEN and the development of CRPC [201, 215, 286, 287]. Moreover, loss of PTEN
and AR expression has been correlated clinically with increased mortality in CRPC
patients [193]. aCGH analysis on metastatic prostate cancer samples has also dem-
onstrated frequent amplification of AR (73 %), coinciding with aberrant deletion of
PTEN (87 %) [288].

While some studies have proposed that PTEN deletion activates AR through
PI3K-mediated stabilization of AR protein levels or AKT-mediated phosphoryla-
tion and activation of the AR [231, 289, 290], other reports have revealed that PI3K/
AKT pathway stimulation promotes degradation of AR and inhibits AR transcrip-
tional activity [291]. Supporting the later claim, levels of AR are heterogeneous,
and, in many cases, absent in late stage, metastatic disease [292-295]. These obser-
vations raise the possibility that loss of AR expression and activity may serve as a
means of evading androgen withdrawal through simultaneous activation of other
signaling pathways. Indeed, two independent laboratories have recently demon-
strated that PTEN loss inhibits androgen-responsive gene expression by regulating
AR activity [296, 297], indicating that castration-resistant growth is an intrinsic
property of Pten null prostate cancer cells regardless of cancer stage [296]. These
studies further suggest a reciprocal feedback loop that exists between AR and PTEN
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in prostate cancer, in which conditional deletion of Ar in the prostate epithelium
promotes the proliferation of Pten-deficient cancer cells in PbCre; Pten™ ; ArY mice
through the downregulation of the androgen-responsive gene Fkbp5 and preventing
PHLPP-mediated AKT inhibition [296]. Moreover, inhibition of the PI3K/AKT
pathway was shown to upregulate the receptor tyrosine kinase HER3 [297]. As sup-
pression of HER2/HER3 heterodimers has been linked to inhibition of AR tran-
scriptional activity through an AKT-independent mechanism [298], it is plausible
that PI3K/AKT inhibition upregulates AR transcriptional activity by increasing
HER3 expression.

In all, it is probable that AR suppresses the PI3K/AKT pathway in order to pro-
mote differentiation of the prostate epithelium and keep prostate cancer cells sensi-
tive to androgens. When AR activity is downregulated upon ADT treatment, the
PI3K/AKT pathway takes over to promote cell proliferation and cell survival in the
absence of androgen or AR activity, further driving tumor progression toward meta-
static CRPC [296, 297]. These findings may explain why clinical trials that inhibit
the activation of the PI3K/AKT signaling axis, as well as its downstream effector
mTOR, failed to have a substantial effect on tumor progression in men [299, 300],
as inhibition of the PI3K/AKT/mTOR pathway causes an upregulation of AR tran-
scriptional activity that promotes cell survival [297]. Since, in the background of
PTEN-deficient prostate cancer, AKT regulates proliferation, while AR regulates
survival, inhibition of both signaling pathways is necessary for effective tumor
reduction. Indeed, combined therapy targeting both PI3K and AR pathways reduces
tumor growth in Pfen-null mice [296, 297], suggesting the possible efficacy of com-
bined PI3K/AKT and AR inhibitor treatment in the clinic (Fig. 4.1).

PIBK/AKT/mTOR Pathway Inhibition
as a Treatment for Prostate Cancer

Current Prostate Cancer Treatment

Treatment resistance is a major issue in the management of prostate cancer, as it is
estimated that 30,000 men in the USA will die in 2012 alone from metastatic and
CRPC, for which there is currently no cure. Although androgen-deprivation therapy
(ADT) remains the standard treatment of metastatic prostate cancer, progression to
castration-resistant disease occurs in the majority of patients [301-303]. Among
available therapeutic approaches for the treatment of CRPC, conventional chemo-
therapy with docetaxel and other agents has limited efficacy and has yet to produce
long-term benefits [304, 305]. Although agents that specifically inhibit the AR,
androgen synthesis, and/or AR-regulated pathways, such as MDV3100 and
Abiraterone, have recently entered the clinic and have shown promising results
[279, 280], their therapeutic effects are short lived, and patients eventually
develop CRPC [278]. Another novel therapy, sipuleucel-T, which is the first ever
FDA-approved therapeutic cancer vaccine for the treatment of metastatic prostate
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cancer, also only modestly improves the survival of late-stage patients by a few
months [306, 307].

The current trend in medicine has been to exercise a personalized treatment
approach that is based on molecular and genetic profiling of individual patients to
determine the best therapeutic strategy. A considerable number of novel therapeu-
tics are presently undergoing clinical trials, including small molecules that target
common genetic or pathway alterations found in human cancers. These inhibitors
have been FDA approved for treatment of various solid tumors including, renal,
GIST, breast, pancreatic, colorectal, and NSCLC cancer [308-314], and thus hold
promise for the treatment of prostate cancer. As it is clear that PI3K/AKT/mTOR
pathway activation plays a prominent role in prostate cancer initiation and progres-
sion, CRPC, and metastatic disease, the loss of PTEN expression in individuals with
prostate cancer could be used as a biomarker to stratify populations of patients that
may benefit from treatment with PI3K/AKT/mTOR pathway inhibitors.

PI3K Inhibitors

Class I PI3Ks are heterodimers composed of one catalytic subunit of p110a, p110,
or p1103, collectively known as p110, and a regulatory subunit, p85. PI3K isoform
selectivity may be essential to boost therapeutic efficacy and minimize off-target
toxicity. Recent research suggests a dominant role for the PI3K isoform p110p in
PTEN-deficient tumors. In the Pten-null prostate cancer model, loss of p110p, but
not p110a, decreased PI3K signaling and prevented prostate carcinogenesis [94]. In
a similar fashion, inducible depletion of p110p, but not p110a, using shRNA in
PTEN-deficient human cancer cell lines quenches PI3K-mediated signaling and
inhibits growth both in vitro and in vivo [315].

The most studied PI3K inhibitors to date are the first-generation PI3K inhibitors
LY294002 and wortmannin. LY294002 treatment results in cell-cycle arrest and
sensitizes the LNCaP prostate cancer cell line to radiation therapy, decreases the
invasive properties of LNCaP, PC-3, and DU145 prostate cancer cell lines, and
inhibits angiogenesis in PC-3 prostate cancer cells by way of decreased levels of
HIF1-0 and VEGF. Similarly, wortmannin induces apoptosis and radiosensitizes
DU145 cells [316, 317]. However, both wortmannin and LY294004 show limited
selectivity for individual PI3K isoforms, nonspecifically target multiple other sig-
naling molecules [318-321], and demonstrate significant toxicity in animals [317,
322], limiting their effectiveness in vivo.

One potential consequence and side effect of PI3K pathway inhibition is the
development of insulin resistance in patients. While both p110a and p110p play
specific roles in insulin signaling, research suggests that glucose homeostasis is
predominantly mediated by pl110a [94, 323]. Indeed, p110a inhibitors, but not
p110B or p1100d inhibitors, alter insulin-dependent glucose regulation in mice [323].
Thus, in the setting of PTEN-deficient tumors, p110B-specific inhibitors, in contrast
to pan-PI3K inhibitors, may offer enhanced efficacy with a reduced likelihood
of insulin resistance. Together, these studies suggest that effective treatment of
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Fig. 4.2 PI3K/AKT/mTOR, Ras/MAPK, and AR signaling pathways converge to promote prostate
cancer development. Although all three pathways promote cell proliferation/growth, AR signaling
maintains prostate cells in a differentiated state, while PI3K/AKT/mTOR and Ras/MAPK signal-
ing promotes EMT and cell migration/invasion. Red, blue, and green ovals represent AR, PI3K/
AKT/mTOR, and Ras/MAPK signaling molecules, respectively. Orange ovals denote adaptor
molecules. Pathway activators are in black letters, and pathway suppressors are in white letters.
Solid black lines depict signaling within a pathway, and dotted black lines depict crosstalk between
pathways or feedback loops. Red lines denote the drug targets. Signaling molecules in these path-
ways that are the targets of drug inhibitors are in red letters

PTEN-deficient prostate tumors may necessitate the use of therapeutic agents that
successfully target p1 10p. However, even in cancers that may be specifically reliant
on either pl10a or pl110p, there remains the possibility that other, noninhibited
p110 isoforms may make up for the decreased activity of the targeted isoform.
Moreover, not all tumors that are driven by PTEN loss are dependent on p110p, and
the presence of other genetic modifications and pathway alterations is likely to
change the PI3K-isoform reliance of these tumors. Interestingly, PTEN loss appears
to be a predictive marker for sensitivity to PX-866, an oral derivative of wortman-
nin, despite the fact that PX-866 displays a high efficacy against p110a and p1105
but not p110P [324]. Therefore, although PI3K signaling is an obvious target for
therapy, especially in PTEN-deficient prostate cancer, given the redundancy and
complex feedback regulation existing in the PI3K/AKT/mTOR pathway, as well as
a need for a more in-depth understanding of the pathway, the clinical efficacy of
using PI3K inhibitors as single agents is modest (Fig. 4.2).
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AKT Inhibitors

The significance of the individual AKT isoforms in prostate cancer has yet to be
fully uncovered, despite findings that AKT-1 isoform expression may be a prognos-
tic marker for biochemical recurrence in patients with prostate cancer [325]. There
are several classes of AKT inhibitors currently in development, including isoform-
selective AKT catalytic—domain inhibitors and inhibitors of its PH domain, and
many have been tested in prostate cancer. Perifosine, an alkylphospholipid that tar-
gets the PH domain of AKT and prevents it from binding to PIP3, decreases AKT
phosphorylation, inhibits growth, and induces cell-cycle arrest of PC-3 cells [326].
Although there are no published preclinical studies investigating perifosine activity
against prostate cancer, perifosine has gone to clinical trials for patients with CRPC.
Though generally well tolerated, perifosine showed no evidence of significant
inhibitory activity [300, 327]. Genistein, a non-specific AKT inhibitor, causes sig-
nificant growth inhibition and apoptosis of cancer cells [328, 329]. While genistein
has demonstrated significant potential in vivo, decreasing the incidence of lung
metastasis in an orthotopic model using PC-3 cells [330] and inhibiting tumor
growth when combined with docetaxel in an experimental model of bone metastasis
[331], another report claimed that genistein increased the size of metastatic lymph
nodes in a PC-3 orthotopic model [326]. Concomitant targeting of AKT-1 and
AKT-2 with ATP-competitive inhibitors, such as GSK690693, has been shown to be
more effective than inhibition of single isoforms for the induction of apoptosis in
tumor cells, suggesting that these Pan-AKT inhibitors are likely to have more prom-
ise in the clinic, although increased toxicity may be a potential issue [332]. However,
AKT inhibitors will not block the non-AKT effectors downstream of PI3K signal-
ing. Paradoxically, AKT inhibitors could increase upstream receptor tyrosine kinase
activities by alleviating downstream negative feedback loops [333]. Therefore, the
importance of AKT-independent effectors of PI3K signaling and downstream nega-
tive feedback loops in the pathway might considerably affect the clinical effective-
ness of AKT inhibitors (Fig. 4.2).

mTOR Inhibitors

mTOR inhibitors have been the most effective among the inhibitors of the PI3K/
AKT/mTOR pathway in treating solid tumors and have received the most consider-
ation in the treatment of prostate cancer. Rapamycin, the prototypical mTOR inhibi-
tor, associates with its intracellular receptor, FKBP12, which then binds directly to
mTORCI1 and suppresses mTOR-mediated phosphorylation of its downstream
effectors, S6K and 4EBP1. Rapamycin induces cell-cycle arrest in PC-3 and DU145
prostate cancer cell lines in vitro [334—337] and reduces tumor volume and blocks
growth and proliferation in tumors with activated AKT or loss of PTEN in vivo
[338, 339]. Although limited, there have been reports on in vitro and preclinical
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studies demonstrating the efficacy of the rapamycin analogs (rapalogs) CCI-779
and RADOO1 in the treatment of prostate cancer. CCI-779 inhibits growth of PC-3
and DU145 cells in vitro, and, in vivo, and reduces tumor volumes in PC-3 and
DU145 xenografts [340]. Likewise, RADOO1 treatment decreases proliferation of
prostate cancer cells in vitro [341, 342] and reverses PIN lesions in AKT-1 trans-
genic mice [343].

Despite these preclinical findings, mMTORCI inhibitors, including rapamycin and
rapalogs, have demonstrated little success as single agent treatments in the clinic
[299, 344, 345]. Although rapamycin and rapalogs are effective at inhibiting
mTORCI kinase activity, inhibition of mTORCI1 eventually leads to AKT activa-
tion and increased P-AKT levels due to the loss of the S6K to IRS-1 feedback loop
and reactivation of PI3K signaling [41, 345, 346]. Moreover, while mTORC1 is
sensitive to rapamycin treatment, mMTORC?2 is generally considered to be resistant
to rapamycin. In this regard, mTORC?2 phosphorylation and activation of AKT may
further limit the efficacy of mMTORCI1 inhibitors like rapamycin [38]. Therefore, the
use of rapamycin and rapalogues as single treatments could potentially cause the
hyperactivation of the PI3K/AKT pathway (Fig. 4.2).

To achieve a significant clinical effect, mMTORCI inhibition with rapamycin and
rapalogs may require the addition of upstream inhibitors, such as insulin-like growth
factor signaling or PI3K signaling inhibitors [347-350], or, alternatively, more
effective inhibition of both TORC1 and TORC?2 activity. mTOR catalytic site inhib-
itors, which are currently in clinical development, target the kinase domain of
mTOR and have the advantage of blocking the activity of both mTORCI1 and
mTORC?2. The additional inhibition of mTORC?2 provides the benefit of blocking
AKT activation through S473 phosphorylation, and therefore, these catalytic site
inhibitors would be expected to inhibit the mTOR pathway more effectively than
rapamycin. Current research has described torkinibs and torinl, two selective ATP-
competitive inhibitors of mTOR that impede cellular growth and proliferation more
effectively than rapamycin [351, 352]. Interestingly, however, the enhanced activity
of these mTOR kinase inhibitors seems to be due to more complete inhibition of
mTORCI1 activity rather than mTORC?2 inhibition, as measured by decreased levels
of 4EBP1 phosphorylation and cap-dependent translation compared to rapamycin
treatment [351, 352]. In support of the efficacy of these mTOR catalytic site inhibi-
tors, a recent preclinical study using the mTOR catalytic site inhibitor INK218 in
the Pten-null murine prostate cancer model demonstrated that INK218 is able to
inhibit AKT and 4E-BP1 phosphorylation in addition to S6K1 phosphorylation,
lead to a 50 % decrease in PIN lesions, reduce overall tumor volume, and promote
tumor cell apoptosis, as opposed to RADO00O1 treatment, which results in inhibition
of S6K1 but not AKT and 4E-BP1 phosphorylation, only partial regression of PIN
lesions, and no significant effect on tumor cell apoptosis [353]. Remarkably, treat-
ment with INK218 blocks progression of invasive prostate cancer locally in the
prostate and even inhibits the total number and size of distant metastases [353].
Although new generation mTOR catalytic site inhibitors have the capacity to reduce
prostate tumor invasion and metastasis by more effectively disabling mTORCI1 sig-
naling and inhibiting mTORC2 activation, treatment with these inhibitors alone
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does not inhibit PI3K activity, and, therefore, would need to be combined with other
PI3K antagonists to fully ablate distant metastasis and lead to complete tumor
regression (Fig. 4.2).

Dual PI3K-mTOR Inhibitors

The use of multiple inhibitors to target the PI3K/AKT/mTOR pathway may be of
particular importance to alleviate the issue of negative-feedback loops in the path-
way. As the catalytic domains of the p110 subunits and mTOR are similar in struc-
ture, there are a number of small molecule inhibitors currently being tested that can
block both PI3K and mTOR. Compared to other PI3K pathway inhibitors, dual
PI3K-mTOR inhibitors, which include NVP-BEZ235, BGT-226, XL765, SF1126,
PKI-402, and PKI587, have the possible advantage of inhibiting all PI3K isoforms,
as well as both mTORC1 and mTORC?2. Therefore, these inhibitors should effec-
tively turn off the PI3K/AKT/mTOR pathway completely and overcome feedback
inhibition normally observed with mTORCT1 inhibitors such as rapamycin and other
rapalogs [347]. BEZ235 is capable of simultaneously inhibiting multiple class I
PI3K isoforms and mTOR kinase activity by binding to their respective catalytic
sites [349]. BEZ235, unlike PI3K inhibitors alone, is able to lower levels of both
P-S6 and P-AKT, demonstrating that dual inhibition of both mTOR and PI3K is
capable of preventing an increase in P-AKT levels [349, 350]. BEZ235 exhibits
greater antiproliferative effects compared with rapamycin treatment in cancer cell
lines in vitro and slows tumor growth and vasculature development in PTEN-
deficient cell line engrafted mice, where it is well tolerated with no significant
changes in body weight [349, 350, 354]. In preclinical studies, SF1126, a conjugate
of LY294002, reduces cell growth, proliferation, and angiogenesis, and exhibits
lower toxicity than LY294002 [355]. Furthermore, PKI-587, another dual PI3K/
mTOR inhibitor, induces tumor regression in several cancer cell line xenograft
models, and has a favorable drug safety profile in toxicology studies [356].
Importantly, in contrast to PI3K inhibitors that cause cytostatic effects through
tumor cell G ~G, arrest [357-359], PKI-587 inhibition of PI3K and mTOR can fully
ablate AKT activation and cause the induction of apoptosis, the preferred outcome
against tumor cells [356]. Despite these preclinical findings, a major issue with dual
PI3K/mTOR inhibitors is their efficacies in vivo in the clinical settings.

Combination Therapy with PI3K/AKT/mTOR
and Ras/MAPK Inhibitors

One explanation behind the limited success of PI3K/AKT/mTOR pathway inhibition
in the clinic is that blockade of PI3K signaling may shift the tumor survival signaling
to a RassMAPK-dependent pathway [360]. Analyzes of human prostate cancer
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microarrays have demonstrated that the PI3K/AKT and Ras/MAPK pathways are
often coordinately dysregulated during prostate cancer progression in humans [122,
361]. Although BEZ235 is effective against PI3K-driven tumors as a single agent,
the inhibitor responds poorly to tumors harboring Kras mutations [350]. Indeed,
BEZ235 is only effective against Kras-driven tumors when combined with a MEK
inhibitor [362]. Humans with advanced prostate cancer treated with RADOO1 experi-
ence increased activation of MAPK signaling, probably due to the loss of the S6K-
IRS1 feedback loop that leads to Ras activation [360] (Fig. 4.2). In addition,
neoadjuvant hormone therapy can lead to increased P-MAPK activation and
N-cadherin expression, both of which have been implicated in the induction of the
EMT program and metastatic prostate cancer [122, 363]. Ras activation can also play
a direct role in moving prostate cancer cell lines toward decreased androgen depen-
dence [364]. Indeed, PI3K/AKT and Braf/ERK pathway activation acts combinatori-
ally in a mouse model of CRPC [365]. These studies suggest the importance for
combined PI3K/AKT and Ras/MAPK pathway blockade in the treatment of CRPC
and metastatic prostate cancer.

A number of studies conducted with Pten knockout mice have shown that com-
bined pharmacological targeting of mTOR and MEK may lead to reduced primary
prostate tumor progression [122, 361]. Combination therapy using the mTORCI
inhibitor rapamycin and the MEK inhibitor PD0325901 inhibits not only growth in
prostate cancer cell lines [361] but also reduces tumor burden in castrated, androgen-
insensitive prostate tumors in the Nkx3.17-;Pten*- murine model [365]. Dual mTOR
and MEK inhibition also completely ablates the dissemination of distant metastases
in the PbCre; Pten”*; Kras®'?”* murine prostate cancer model, which exhibits 100 %
penetrable macrometastasis [122], as well as reduces tumor and metastatic burden
in Nkx3.19¢ER: Pten’; Braf®”* mice [276]. Thus, in late stage, metastatic prostate
cancer, dual PI3K/AKT and Ras/MAPK inhibition may be necessary to reduce
metastasis, as well as slow primary tumor growth (Fig. 4.1).

Combination Therapy with PI3K/AKT/mTOR
and AR Pathway Inhibitors

Recent studies using the Pfen-null murine model of prostate cancer have demon-
strated a reciprocal feedback loop that exists between AR and PI3K pathways in the
prostate cancer, whereby inhibition of the PI3K pathway in Pten-deficient prostate
cancer results in reactivation of AR signaling by modulating AR corepressor activi-
ties or through feedback signaling to the receptor tyrosine kinase HER2/HER3
[296, 297]. Therefore, the efficacy of PI3K inhibitors for the treatment of PTEN-
deficient prostate cancer may be improved through combined AR pathway inhibi-
tion. Another recent study utilizing surgical castration in Pten-null mice to model
CRPC demonstrated that dual targeting of both AKT and mTOR with inhibitors
MK-2206 and MK-8869, respectively, is highly effective at inhibiting CRPC in vivo
[366]. Moreover, the AR agonist MDV 3100, which has shown promise in the clinic,
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has improved efficacy in combination with BEZ235 [350], a dual inhibitor of PI3K
and mTORC1/2, in castration-resistant GEM mice [297]. Other laboratories have
also documented beneficial effects of combined AR and mTORCI inhibition with
rapamycin in Pten”" models [296, 367]. Thus, more effective inhibition of the AR
signaling axis with new generation inhibitors such as abiraterone and MDV3100 in
combination with mTOR or PI3K/mTOR dual inhibitors may prove to be more
beneficial in treating CRPC patients displaying alterations in PI3K/AKT pathway
signaling (Fig. 4.2).

In all, although dual PI3K/mTOR inhibitors now offer the advantage of complete
PI3K/AKT/mTOR pathway inhibition, with signaling feedback loops present in the
PI3K/AKT/mTOR pathway that negatively control both Ras/MAPK and AR signal-
ing, it is likely that PI3K inhibition alone will not be able to achieve full regression
of tumors in patients with prostate tumors driven by PTEN loss. A better under-
standing of pathway dynamics gained from recent preclinical studies prompts the
rationale for combining inhibition of the PI3K/AKT/mTOR pathway with inhibi-
tion of either the Ras/sMAPK or AR signaling pathways for the treatment of meta-
static CRPC. However, better surrogate biomarkers that predict patient responses to
PI3K inhibitors, as well as more high-throughput systems to molecularly profile and
detect PTEN loss or PI3K/AKT/mTOR activation in patients, will be needed to
accurately assess the efficacy of PI3K/AKT/mTOR inhibition as a treatment in indi-
vidual patients.

Conclusions and Perspectives

In the 15 years since the discovery of PTEN as a frequently mutated gene in cancer,
great progress in understanding the function and regulation of PTEN has been
made. While PTEN was first identified as a lipid phosphatase with tumor suppres-
sive activity against the PI3K/AKT pathway, recent studies have revealed that PTEN
has additional protein phosphatase and lipid phosphatase-independent activities, as
well as functions in the nucleus. Further understanding of the mechanisms behind
PTEN post-transcriptional regulation, post-translational modifications, and pro-
tein—protein interactions offers novel therapeutic opportunities, as well as explana-
tions of why, clinically, loss of PTEN expression can occur without genetic deletion
or mutations at the PTEN locus. With improved methods for detecting PTEN status,
such as CGH, whole-exome sequencing, and transcriptome analysis, PTEN loss can
more readily and more accurately be used as a prognostic biomarker for men with
prostate cancer, as well as a potential predictive marker to identify patients who
could benefit from emerging PTEN/PI3K/Akt pathway therapies. Moreover, studies
with large human prostate cancer cohorts have revealed that alterations in the PI3K/
AKT/mTOR pathway are more common in advanced, metastatic prostate cancer
and CRPC compared to primary, androgen-dependent tumors and are associated
with a poorer overall prognosis and increased chance of biochemical recurrence.
Recent works using mouse models with varying degrees of Pten loss have helped to
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reveal the role of PTEN dosage in prostate tumorigenesis and the collaborative
effects of PTEN loss and other genetic and pathway alterations in prostate cancer
initiation, progression, and metastasis. A better understanding of the interactions
between the PI3K/AKT pathway and Ras/MAPK, p53, and TGF-B-Smad pathways
has facilitated the development of metastatic models of prostate cancer with bone
metastasis potential, an important feature of human prostate cancer. As bone tro-
pism of prostate cancer metastasis is not well understood, these mouse models
should provide better insights into the cell types and molecular pathways involved
in metastasis to the bone. Better systems, via lineage-tracing and cell type-specific
deletion, are needed to address which cell types are responsible for different stages
of the disease, including prostate cancer progression, castration resistance, and
metastasis. As previous studies have suggested that prostate luminal, transit ampli-
fying (TA), and basal cells can serve as a cell-of-origin and as cancer stem cell
(CSC) populations in prostate cancer [368], it will be important for future models to
employ more restrictive prostate-specific promoters allowing the potential for tumor
initiation from basal, TA, neuroendocrine, and luminal cell types. Two recent reports
have also elucidated a reciprocal feedback loop between the PI3K/AKT and AR
signaling pathways that directly regulates CRPC, offering an explanation for how
loss of androgen dependence may further strengthen PI3K/AKT signaling in PTEN-
deficient prostate cancer, as well as a rationale for the combined use of AR signaling
and PI3K/AKT/mTOR inhibitors in the treatment of CRPC.

Although beyond the scope of this review, emerging research in other solid
tumors has demonstrated that the tumor microenvironment itself may play a defined
role in tumor propagation and progression, and it will be interesting to see if aber-
rations in the PI3K/AKT/mTOR signaling in stromal-specific subtypes themselves
in the prostate may contribute to tumorigenesis. Moreover, PTEN alterations in the
tumor epithelium, which have been demonstrated to induce the release of paracrine
signals, including chemokines and cytokines that may attract immune cell types to
the prostate and contribute to the development of a tumor-permissive rather than a
tumor-suppressive microenvironment, suggest that immunotherapy may be a pos-
sible treatment for prostate cancer patients. Again, the specific stromal cells and
immune cells that contribute to the prostate tumor microenvironment will need to be
further pursued with the use of lineage-specific promoters and tracking systems in
immune competent models that preserve the tumor’s native microenvironment.

Finally, while past clinical trials using rapamycin and rapalogues to treat human
prostate cancer have shown little efficacy, due in part to an inability to inhibit PI3K
and AKT signaling, dual PI3K/mTOR inhibitors have the capacity to completely
inhibit all strands of the PI3K/AKT/mTOR pathway, and thus deserve further study
in preclinical models of prostate cancer. However, with signaling feedback loops
present in the PI3K/AKT/mTOR pathway that negatively control both Rass/MAPK
and AR signaling, it is unlikely that PI3K inhibition alone will be able to achieve
full regression of PTEN-deficient prostate tumors. Further understanding of path-
way dynamics gained from recent preclinical studies prompts the rationale for com-
bining inhibition of the PI3K/AKT/mTOR pathway with inhibition of either the
Ras/MAPK or AR signaling pathways for the treatment of metastatic CRPC. In the
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end, though much progress has been made in understanding the role PTEN and its
regulation of the PI3BKAKT/mTOR pathway in prostate cancer, in the future, more
basic and preclinical mechanistic studies that further elucidate the complexity of the
PI3K/AKT/mTOR signaling pathway and can be translated from bench to bedside
will help to design better treatment options for patients with metastatic CRPC, for
which there is still no cure.
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